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ABSTRACT 
The aim of the work presented in this thesis was to increase our 
understanding of the expression of the higher plant mitochondriai. 
genome. Four particular aspects were studied. 
In order to investigate the coding capacity of the higher plant 
mitochondrial genome, attempts were made to develop an in vitro system 
for the transcription and translation of fragments of mt DNA. Prelirriin-
ary experiments however showed that an E coli system fails to syn-
thesise protein when primed with mt RNA. 
Transcripts of the 	mitochondrial genes encoding cytochrome 
oxidase subunits I and II (OI and COIl respectively), apocytochrome b 
(COB) and F 1 ATPase a subunit were characterised by Northern blotting 
using gene-specific DNA probes. Identification of these transcripts 
showed that the genes (previously identified by sequence analysis only) 
are expressed in the mitochondrion. They also represent the first 
plant mt protein coding gene transcripts to be unequivocally identified 
and characterised. 
Several interesting and unusual features have emerged from the study 
of mt gene transcripts. These are: 
The transcripts of all four genes are longer than required to 
encode the corresponding polypeptides 
CDI specific probes hybridise to two major transcripts of 2.4 and 
2.3 Kb. Nuclease Si mapping has revealed that the two transcripts have 
5' leaders of ca 152 and 57 bases respectively. The sequence identified 
around the start of the 2.4 Kb transcript shows 8/9 homology to the 
nonanucleotide sequence thought to be involved in transcription initiation 
&tJwo ftUJL 
of SA.cerevisiae  mt DNA. It also shows 11113 homology to a sequence 
of 
around the start point transcription of a Beta vulciaris 1.44 Kb mt DNA 
'plasrnid'. Homology has also been found to a sequence around the start of 
.aStWAM 
the 	COIl transcript. The sequence around the start of the 2.3 Kb 
transcript shows 6/12 homology to the dodecamer sequence thought to be 
&C.L1 6M5 1S 
involved in processing of S cerevisiae mt RNAs. 
COIl specific probes hybridise to a complex array of transcripts. 
A probe specific for the 794 bp intron hybridises to an RNA species of 
ca 800 bases suggesting the intron is excised from pre mRNA(s) and per-
sists in the mitochondrion. In collaboration with A. Arnberg, circular 
RNA molecules of ca BOO bases have been detected in EM preparations of 
mt RNA. The identity of these circles has not been established. 
COB specific DNA probes also hybridise to a complex array of tran-
scripts. Preliminary mapping experiments suggest that the high mole-
cular weight transcripts identified may be processed sequentially to 
generate the mature mRNA. Alternative explanations for the multiple 
transcripts of the intron-free COB gene are also discussed. 
Transcript: 	of 2L; Li COI, COIl, and F 1 ATPase a subunit have 
been studied in C S and T (male sterile) type mitochondria. Most notably 
COIl transcripts differ 	 imsand from N. 
Sequences homologous to COIl have been detected elsewhere in the 
maize mt genome. 
Transcripts homologous to the episomal DNAs Si and S2 have been 
detected. The molecular weights of the transcripts identified vary 
according to the presence or absence of free episomal DNAs and of copies 
integrated into the 'mainband' mt DNA. 
Preliminary studies on the control of gene expression during mt 
biogenesis in V faba seedlings were undertaken. 
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CHAPTER 1 	 GENERAL INTRODUCTION 
1.1 	INTRODUCTORY REMARKS 
Biogenesis of a functional mitochondrion is dependent on the co-
ordinate expression of nuclear and mitochondrial genes. The nature 
of the genetic information contained in the mitochondrial DNA (mt 
DNA) of many organisms and its interaction with the nuclear genome 
have been studied extensively in recent years, and an understanding 
of some aspects of their interplay is now being reached. However, 
studies on the information content and expression of plant mitochon-
drial genes has lagged far behind those on mammals and fungi, and 
the overall aim of the work described in this thesis is partly to 
redress that balance. 
The purpose of this chapter is to present an up-to-date account of 
the salient features of initochondrial gene organisation and expres-
sion, with emphasis on plants and in particular maize (Lea mays L). 
1.2 	GENERAL CHARACTERISTICS OF MITOCHONDRIA 
Mitochondria are enveloped by two distinct membranes, the highly invag-
mated inner membrane being the site of electron transport, ATP syn-
thesis and ion transport. The matrix, completely surrounded by the 
inner membrane, contains the soluble enzymes. the DNA, and the pro-
tein synthetic machinery. Mitochondria can account for between 5 and 
20 90' of the protein in a eukaryotic cell and are thus major cellular 
constituents (Schatz 1983). There is great variation in the number 
of individual mitochondria per cell. The extremes are represented 
by Saccharomyces cerevisiae grown under certain conditions which 
contain 1 - 3 mitochondria per cell (Stevens 1981) and by 
amphibian oocytes which contain in the order of 10 7 mitochondria 
(Schatz 1983). A typical mammalian hepatocyte contains between 
1,000 and 2,000 mitochondria (Bogenhagen and Clayton 1974). The 
number and morphology of mitochondria in a cell can vary according 
to the physiological conditions. For example yeast cells grown 
under high glucose conditions contain a few highly convoluted mito-
chondria, whereas cells grown on low glucose levels contain up to 
50 ellipsoid mitochondria (Stevens 1981). 
Mitochondria can interact with each other in the cell. Examples 
include the fusion of mitochondria to form a single spiral organelle 
during spermatogenesis (Munn 1974), and fusion of mitochondria after 
mating of yeast cells (Strausberg and Butow 1977). 
Mitochondria have been shown to contain their own genetic system, 
distinct from that of the nucleus (Luck 1963), but are in no way 
autonomous. Only a small fraction of the total number of organelle 
proteins is encoded within the mitochondria themselves; all other 
proteins are specified by nuclear genes, synthesised in the cyto-
plasm, and imported. It is not known why mitochondria and chloro-
plasts contain their own genetic systems while other organelles such 
as peroxisomes do not. 
1.3 	MITOCHONDRIAL DNA: SIZE AND PHYSICAL CONFORMATION 
1.3.1 	General characteristics 
Mitochondrial DNAs are diverse in size and physical form. Circular 
forms predominate, but linear mt DNAs are found in the protozoans 
Tetrahymena (Suyama and Miura 1968) and Param ecium (Goddard and 
Cummings 1975) and some fungi eq. Hansenula mrakii (Wesolowski and 
2 
Fukuhara 1981). In the protozoans Trypanosoma and Crithida, mt DNA 
is enmeshed in networks containing maxi- and mini-circular DNAs, the 
latter of unknown function (Borst and Hoeijmakers 1979). In this 
chapter only the organisation of animal, lungal and plant mt DNAs is 
discussed. 
	
1.3.2 	Animal mitochondrial DNAs 
The mt DNAs of animals are among the smallest functional mt genomes 
identified. Electron microscopic analysis of mt DNA from a variety 
of animals reveals the presence of double-stranded, circular, super-
coiled DNA molecules with a contour length of 4.85 - 5.85 pm 
(reviewed in Borst 1972). These size estimates agree closely with 
those obtained by complete sequence analysis of the human (16.56 Kb, 
Anderson et al 1981), bovine (16.33 Kb, Anderson et al 1982) and 
t: OAOin& 
mouse (16.29 Kb, Bibb et al 1981A The mt DNAs from Xenopus laevis 
(Dawid 1972) and Drosophila melanogaster (Fauron and Wolstenholme 
1980) have sizes similar to those in mammals, although they have not 
been completely sequenced. 
1.3.3 	Fungal mitochondrial DNAs 
Fungal mt DNAs from a variety of species show great diversity in 
their size, ranging from ca 19 Kb in Torulopsis glabrata (Clark-
Walker et a]. 1981) and Schizosaccharomyces pombe (Anziano et al 
1983) to 108 Kb in Brettanomyces custersii (Clark-Walker et al 1981, 
McArthur and Clark-Walker 1983). In general, estimates of genome 
size based on electron microscopy and summation of restriction enzyme 
fragments are in close agreement for fungal mt DNAs. Using these 
approaches, the mt genome of S. cerevisiae has been shown to exist as 
a 74 - 82 Kb circular molecule, (Hollenberg et al 1970), 70% of which 
has been sequenced (L. Grivell pers. commun.) The S. cerevisiae 
mt genome contains long in€ergenic stretches of A + Trich DNA 
within which are short G + C clusters (Bernardi and Bernardi 1980, 
Cosson and Tzagoloff 1979). The function, if any, of these A + T- 
rich 'spacer' regions is unknown; 	 however, since many 
yeast mt transcripts are initiated within these regions the term 
'spacer' DNA may be inappropriate. 
Complete sequence analysis of two other fungal mt genomes namely 
Schizosaccharomyces pombe (19 K4 Lang et a11983) and Aspergillus 
nidulans (33 Kb, Scazzocchio et al 1983) revealed no A + T-rich 
regions; neither are they found in the mt DNA of Podospora anserina 
(95 Kb, Wright et al 1982) or of Neurospora crassa (61 Kb, Burke 
and RajBhandary 1982). 
1.3.4 	Plant mitochondrial DNAs 
Until very recently there have been many problems in estimating the 
complexity and physical conformation of the higher plant mt genome. 
Only two features were generally agreed: (i) its remarkably uniform 
buoyant density from a wide range of plants (1.705 - 1.707 g/cm 3 , 
equivalent to a C + C content of 47%, Wells and Ingle 1970, Shah and 
& ____hu__ 	JR (41?&t I 
t Levings 1974) 	 as 	gh as 1.710 g/cm equivalent to C + C = 
51% 	 (Brennicke, 1980)and (ii) that it was probably 
larger than the yeast mt genome. Initial electron microscopic 
studies on the mt genome of pea revealed that the majority of mt 
DNA could be isolated as circles of contour length 30 - 35 4ijm, equi-
valent to 70 Mdal or 100 Kb (Kolodner and Tewari 1972). These 
results were in close agreement with the estimates of genome size 
(74 Mdal)based on reassociation kinetics (Kolodner and Tewari 1972). 
Ell 
More recent estimates, however, made by summation of restriction 
fragment sizes and by renaturation kinetics suggest that the mt 
genome of pea may be more complex (200 - 250 Mdal, Ward et al 1981). 
Many other studies based on restriction enzyme analysis and restric-
tion fragment mapping have shown that generally the mt genomes of 
higher plants are larger and more complex than indicated by Kolodner 
and Tewari. These values are summarised on Table 1.1 
Table 1.1 	Size estimates of some plant mt DNAs 
Species 	 Size Kb? Basis of 	Reference 
Estimate 
5 
Kolodner and Tewari 1972 
Ward et al 1981 
Palmer and Shields 1984 
Ward et al 1981 
Ward et al 1981 
Lonsdale et al 1983 
Brennicke 1980 
F. Quetier pers. commun. 
Quetier and Vedel 1977 
Quetier and Vedel 1977 
Quetier and Vedel. 1977 
Synenki etal 1978 
100 	b + c 




320-2,400 a + c 
Zea mays 









Solanum tuberosum 135 	a 
90 	b 
Glycine max 90 	b 
Parthenocissus 
tricuspidata 240 	a 
a summation of restriction fragment sizes 
b EM analysis 
c reassociation kinetics 
d restriction mapping 
Pisum sativum 
Brassica camoestris 
Quetier and Vedel 1977 
In general, the genome sizes calculated by restriction enzyme analy-
sis are consistentlyhigher than EM measurements. This is particularly 
marked for maize, where summation of restriction fragments indicated 
a complexity of between 180 and 320 Mdal (Ward et a]. 1981) whereas 
EM analysis of mt DNA revealed three main size classes of circular 
molecules of 33, 45 and 66 Mdal (Levings et al 1979) [although the 
majority of mt DNA was linear]. In order to reconcile these anomalies 
two alternative models have been proposed: 
The plant mt genome consists of groups of molecules carrying 
identical information, but which are partially methylated, thus 
increasing the number of restriction fragments obtained with methy-
lation sensitive enzymes. However, the use of isoschizomeric 
restriction enzymes differing in their ability to cleave methylated 
DNA has shown this to be unlikely (Bonen et al 1980, Ward et al 
1981). 
The plant mt genome is distributed over physically indis-
tinguishable molecules or "chromosomes" (Quetier and Vedel 1977, 
1980, Spruill et al 1980). However, these authors offer no explana-
tion as to how complete mt genomes are transmitted to daughter mito-
chondria. They also base their models on a highly selected popula-
tion of circular mt DNA molecules; the majority of plant mt DNA as 
isolated is linear (Quetier and Vedel 1980). 
These inconsistencies in the organisation of the plant mt genome have 
largely been circumvented by the construction of restriction maps 
using cosmid or plasmid clone banks of mt DNA. Palmer and Shields 
(1984) have constructed a complete restriction map of the Brassica 
campestris mt genome, which has been shown to exist as a circular 
molecule of 218 Kb. Within this "master chromosome", which contains 
the entire sequence complexity of the mt genome, are two direct 
repeats of 2 Kb separated by 135 and 83 Kb. Evidence for intra-
molecular recornbination across this repeat comes from analysis of 
restriction sites around the 2 Kb repeat; four PstI fragments con-
taining the 2 Kb repeat can be isolated, and these are shown to be 
flanked by four paired combinatiorBof four unique sequences. Moreover 
the 2 Kb repeat sequences characteristic of the small circles are 
present at twice the molar concentration of those of the "master 
chromosome". Thus the Brassica compestris mt qenome is likely to 
exist largely as a tripartite structure with equimolar amounts of 
the small circles present at twice the molar concentration of the 
"master chromosome". Stern and Palmer (1984a) have shown that the 
2 Kb repeat involved in recombination of the Brassica mt genome con-
tains or is closely linked to the COIl gene. 
There is now an increasing body of evidence to suggest that other 
plant mt DNAs exist as discrete circular chromosomes maintained by 
recombination across repeated element(s). Restriction mapping of 
cosmid clones of maize mt DNA suggests it exists as a master circular 
chromosome of 570 Kb which contains at least six pairs of inverted 
and direct repeats, and recombination has been shown to occur across 
four of these (Lonsdale et al 1983. T. Hodge pers. commun.). Intra-
molecular recombination across two direct repeats of 12 Kb separated 
by 67 Kb leads to the formation of two circles of 67 and 503 Kb. 
Recombination across two 3 Kb direct repeats within the iarger mole-
cule generates circles of 250 and 253 Kb (Lonsdale et al 1983). 
The latter event is thought to occur at high frequency since the four 
restriction fragments containing the 3 Kb repeat (and hence the three 
circles) are present in equimolar amounts. Recombination across other 
7 
repeated elements in the Lea mays mt genome are thought to be rela-
tively rare; however by modelling recombinational events, it is 
possible to generate size classes of molecules which agree closely 
with those visualised by EM (D. Lonsdale pers. commun.). 
The wheat mt genome contains 10 repeated elements on a master 
chromosome of 430 Kb. However unlike Zea mays or Brassica campestris, 
hybridisation studies have shown that two of these repeated elements 
contain the rRNA genes. One 4 Kb repeat contains the lBS + 55 rDNAs 
and another repeat (5 Kb) contains the 265 rENA (Falconet et al 1984, 
B. Lejeune pers. commun.). The 26S rDNA is also closely associated 
with repeated sequences in spinach and pokeweed mt DNA (Stern and 
Palmer 1984a) implying that association between recombination repeats 
and plant mt genes may be a common occurrence. Figure 1.1 shows the 
way in which recombination across a pair of direct repeats in a 
single circular molecule gives rise to two smaller circles. Thus it 
appears that the model of a single master chromosome which is able 
to undergo intramolecular recombination(s) may apply to all higher 
plant mitochondria. If so, it goes some way to explaining why the 
bulk of mt DNA observed by electron microscopy is linear; circles 
of ca. 500 Kb would be difficult to isolate intact. 
Such intramolecular recombination is found to occur in a number of 
other extranuclear genetic systems, including the chloroplast 
genomes of Phaseolus vulgaris and Osmunda (Palmer 1983) and the 
plasmid of yeast (Broach 1981) where rapid recombination across 












Fig 1.1 	Recombinational model for the higher plant mt genome 
Recombination is proposed to take place across a pair of direct repeats 	flanked by sequences a, b, c and d. 
Recombination across the direct repeats generates novel orientations of the flanking sequences with respect to the 
repeat. Note that intramolecular recombination across direct repeats generates two equi.molar smaller molecules, 
cf recombination across an inverted repeat. In Brassica campestris, e = 83 Kb, f = 135 Kb and 	2 Kb. In 
Lea mays e = 250 Kb, f z 253 Kb and 	- 	3 Kb. 
MCI 
1.4 	MITOCHONDRIAL GENES AND GENE ORGANISATION 
1.4.1 	Mitochondrial genes: general characteristics 
All mt DNAs characterised to date encode components of the mito-
chondrial translation system and 	a limited number of proteins 
forming subunits of the respiratory enzyme complexes of the inner 
mitochondrial membrane. Genes identified in the yeast, mammalian 
and plant mt qenomes are listed in Table 1.2. Gene complements 
are similar, but there is great variation in their organisation and 
expression. 
1.4.2 	Animal mitochondrial genes 
Complete sequence analysis of the human (Anderson et al 1981), 
bovine (Anderson et al 1982) and mouse (Bibb et al 1981) mitochon-
drial genomes has revealed a striking conservation of gene content, 
organisation and even sequence. Each encodes 12S and 16S rRNAs, 22 
tRNAs and 13 open reading frames (ORFs). All but 1 ORF and 8 tRNAs 
are transcribed from the same strand (the Heavy (H) strand). 
Coding sequences are immediately contiguous or are separated by only 
a few nucleotides, and in most cases are flanked on either side by 
a tRNA gene. It has been suggested that these tDNAs may act as 
'punctuation signals' for enzymes involved in processing of a pri-
mary polycistronic transcript from the 'H' strand (Oala et al 
1981). Overlapping coding sequences have been found in mammalian 
mt DNAs; for example the genes encoding ATPase B and ATPase 6 over-
lap by 46 nucleotides in different reading frames. None of the 
genes contains introns. Of the 13 ORFs, four have been identified 
by comparison with the amino acid sequence of mammalian mitochondrial 
proteins (cytochrome c oxidase subunits I, II and III, and apocyto-
chrome b; COI, CDII, CDIII and COB respectively). Comparison with 
Table 1.2 Mitochondrial genes in plants, yeast and mammals 
Mitochondrial 	 mitochondrial gene product in 
component 	 plants S. cerevisiae mammals 
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yeast gene sequences has also allowed the genes encoding ATPase 6 
(Macmo and Tzagolaff 1980) and ATPase 8 (Macreadie et al 1983) to 
be identified. The identity of the remaining seven ORFs is not 
known (designated unassigned reading frames or UFWs), although all 
except URF6 are transcribed (Montoya et al 1981, 0ala et al 1981) 
and at least one (URF3) is transcribed and translated (Oliver et al 
1983). The identification of some of these URFs in the mitochondrial 
genomes of other organisms for example maize (lIRE-i, Brown et al 
1983), Asperillus nidulans (URFs 1 and 4, Brown et al 1983) and 
Neurospora crassa (tiREs 1 and 5, Nelson et al 1983), suggests they 
may play an important general role in mitochondrial. biogenesis. 
Comparison of the predicted amino acid sequence of mammalian mito-
chondrial genes with the corresponding polypeptide sequences 
(Barrell et al 1979) reveals that mammalian mitochondria use a novel 
genetic code, most notably VGA encodes tryptophan (normally termina-
tion) and AUA specifies methionine (normally isoleucine). 
1.4.3 	Eungal mitochondrial genes 
The Saccharomyces cerevisiae mitochondrial genome (74-82 Kb) is 
five-fold larger than its mammalian counterpart, and yet retains a 
very similar, though not identical, gene complement (Table 1.2). The 
most notable differences are the presence of the genes encoding the 
ribosome associated protein, var-i (Groot et al 1979) and F ATPase 
subunit 9 (Hensgens etal 1979) and a few short ORFs of unknown 
function (Coruzzi et al 1981). No tiREs homologous to the mammalian 
URFs have been discovered. 
The difference in size relative to the human mt genome can almost 
entirely be accounted for by differences in gene organisation. Firstly, 
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the yeast mt genome contains long stretches of A + 1' rich sequences 
(Section 1.3.3). The majority of this 'spacer' DNA does not contain 
polypeptide coding sequences with the exception of var-i (Zassenhaus 
and Butow 1983). Secondly, three of the genes in S. cerevisiae (Cal, 
COB and 215 rRNA)are split by one or more introns (Borst 1979, Hensgens 
et aJ. 1983, Labouesse and Slonimski 1983). Many of these introns are 
"optional" in that they are present in some strains but not others. 
For example the 'long' form of COB contains five introns (strains 
777-3A and KL 14-4A, Sanders et al 1977), whereas the 'short' form 
lacks three of these (strain D273-10B, Labouesse and Slonimski 1983). 
Some yeast mt introns contain open reading frames which encode pro-
teins (dubbed maturases) which may mediate splicing of the introns 
that encode them (Lazowska et aJ. 1980). 
The organisation of the yeast mitochondrial genome differs from that 
of mammalian mitochondria. Most notably the tRNA genes are mostly 
clustered and not interspersed with the protein coding genes (Borst 
and Grivell 1981). The genetic code used by S. cerevisiae mitochon-
dna differs from both the 'universal' code and that used by mammal-
ian mitochondria. Like mammals UGA specifies tryptophan (Fox 1979) 
and AUA specifies methionine (Hudspeth et al 1982). However, CU 	Ns 
rudtohk 
specify threonine rather than leucine (Li and Tzagoloff 1979). 
Within the fungi themselves there are considerable differences in 
the organisation of mitochondrial genetic information despite simi-
larities in gene complements. Thri1iXjor differences in coding capa-
city are the presence of species-specific URFs in A. nidulans and 
N. crassa (section 1.4.2), and the presence of an active gene encod-
ing F AlPase subunit 9; some fungal mitochondnial genomes contain 
apparently 'silentt copies of this gene (section 1.10). More detailed 
reviews of the mitochondrial DNA of N. crassa, A. nidulans and 
Podospora anserina can be found in Burger and Werner (1983), 
Scazzocchio et al (1983) and Wright and Cummings (1983) respectively. 
The organisation of one of the smaller fungal mitochondrial qenomes 
(that of Schizosaccharomyces pombe, Lang et al (1983)) is similar to 
its mammalian counterparts, with tRNA genes flanking many coding 
sequences. 
1.4.4 	Plant mitochondria]. genes 
Unlike the mammalian and fungal mitochondrial genomes, the informa-
tion content and gene organisation of plant mitochondrial DNAs have 
not been investigated until recently. This is due partly to their 
large size, so preventing direct sequencing as for the mammalian 
mitochondrial genomes, and also to a lack of non-lethal mutations, 
the availability of which has greatly expedited the identification 
of yeast mitochondrial qenes (although see Section 1.8.2). The 
relatively low A + T content of plant mitochondrial DNA together 
with its large complexity (Ward et al 1981) suggests a potential 
coding capacity much greater than that of the fungi. However, there 
is evidence (see below) that not all this extra potential coding 
capacity is realised. 
A variety of approaches have been used to identify plant mt genes. 
This topic has been the subject of recent reviews (Leaver and Gray 




1.4.4.1 	Analysis of mitochondrial translation products 
Isolated mitochondria from a variety of plants synthesise 18 - 20 
polypeptides when analysed by one dimensional SDS polyacrylamide 
gel electrophoresis, and a further 20 - 30 can be resolved by two 
dimensional separation (Leaver and Pope 1976, Forde et al 1979, Hack 
and Leaver 1983). These polypeptides are presumed to be encoded by 
genes in the mt DNA because 1) their synthesis is insensitive to in-
hibitors of cytoplasmic protein synthesis and 2) mRNA import into 
mitochondria has not been demonstrated. However, these results must 
be interpreted with caution, since isolated human mitochondria syn-
thesise up to 26 polypeptides even though the mt genome only has the 
capacity to encode 13 of them (Attardi 1981, Attardi et al 1983). 
These additional polypeptides may result from proteolysis and/or 
premature termination of translation; hence the complexity of the 
pattern of mitochondrially synthesised proteins does not necessarily 
reflect a correspondingly complex mt genome. 
A variety of techniques have been used to identify tentatively poly-
peptides synthesised by isolated maize mitochondria. 
Cytochrome oxidase subunits I & II have been identified by immuno- 
precipitation with antibodies raised against the homologous yeast poly-
peptides (Forde and Leaver 1979). 
A polypeptide of Mr  8,000 is thoughtto be subunit 9 of F ATPase 
as it is soluble in organic solvents and because it can bind 14C - 
DCCD (Hack and Leaver 1984). 
A polypeptide of Mr  44,000 co-purifies with mitochondrial ribo- 
somes and is probably analagous to the yeast Var-i protein (Leaver 
et al 1982). 
M. 
4) 	The a subunit of F 1 ATPase was identified by comigration of 
a mitochondrially synthesised polypeptide with purified a subunit 
on one- and two-dimensional SOS polyacrylamide gels (Hack and Leaver 
1983). Partial proteolysis and immunoprecipitation with antibodies 
raised against the yeast a subunit have confirmed this identifica-
tion. The a subunit has been shown to be a mitochondrial transla-
tion product in cucumber, sorghum, pea and field bean (Hack and 
Leaver 1983). A mitochondrial location for this gene is unexpected 
since in all organisms other than plants it is encoded in the nucleus. 
The remaining polypeptides are, as yet, unidentified but by analogy 
with fungal and mammalian systems it is likely that cytochrome b, 
cytochrome oxidase subunit III and F 0  ATPase subunits 6 and 8 will be 
amongst them. 
1.4.4.2 	Identification of genes by nucleic acid hybridisation 
Another approach to the identification of genes has been by hybrid-
isation of known,well characterised DNA and RNA molecules to the 
mitochondrial DNA. Hybridisation of 
32P labelled ribosomal RNAs 
(26S 9  lBS and 5S, Leaver and Harmey 1973, Leaver and Harmey 1976) to 
mt DNA has shown that the genes encoding them are found in the mito-
chondrial DNAs of wheat (Bonen and Gray 1980), maize (Stern et al 
1982, Jams and Sinclair 1982) and Oenothera (A. Brennicke, pers. 
conimun.). These hybridisation studies and subsequent sequence ana-
lyses have revealed that the genes for 18S and 55 rRNA are closely 
linked in the mt DNA [spacer region varies from 108 in maize (Chao 
et al 1983), 114bp in wheat (F. Quetier, pers. commun.) to ca 300 Bp 
in Oenothera (A. Brennicke pers. commun.)] but well separated from 
265 rRNA gene (by 15 - 16 Kbp in maize). This arrangement of small 
and large rRNA genes is similar to that in yeast (Borst and Grivell 
1978) but differs from their organisation in mammalian mitochondria 
where 165 and 125 rRNAs are closely linked (Anderson et al 1981) al-
though only plants are known to possess a 55 rRNA gene. The genes 
encoding the rRNAs in wheat are present as multiple copies in the 
rnitochondrial qenome (Falconet et al 1984) whereas in maize they are 
represented only once. 
Sequence analysis of the wheat 265 (M. Gray pers. commun.), 18S 
(Spencer et al 1984) and 5S (Spencer et al 1981) rRNAs is now complete. 
A partial sequence of the maize 18 - 55 rDNA unit has been reported 
(Chao et al 1983)and the maize 26S rDNA has been sequenced (Dale et 
al 1984). Both the 26S and 18S rRNAs show pronounced structural 
similarities with the 235 and 16S rRNAs of E. coli. 
A similar approach has been used to show that the wheat and maize 
mitochondrial genomes encode several tRNAs which appear to be clustered 
as in yeast mt DNA (D. Lonsdale pers. commun). The sequence of wheat 
tRNAmt has recently been reported (Gray and Spencer 1983). 
Protein-coding genes have been identified in plant mt DNAs by the 
hybridisation of well defined probes for mitochondrial genes from 
yeast and beef to restriction fragments of mt DNA under 'heterolo-
gous conditions'. The genes identified to date are: 
1) 	COIl from maize (Fox and Leaver 1981), wheat (L. Bonen pers. 
commun.), Oenothera (Hiesel and Brennicke 1983), rice and pea (Kao 
et al 1984). In maize, wheat and rice the CDII coding sequence is 




COl from maize (Isaac et al 1984), Chlamydomonas (M. Gray, 
pers. commun.) and Sorghum (D. Hanson pers. commun.). None of these 
genes contain introns. 
COB from maize (Dawson et a]. 1984) and Oenothera (Hiesel and 
Brennicke 1984) neither of which is interrupted. 
An open reading frame showing some homology to the mammalian 
LiRE-i has been identified and partially sequenced in maize mt DNA 
(Brown et al 1983). 
F AlPase 8 has been identified in Oenothera (Hiesel and Brennicke 
1984a) by comparison with the yeast and mammalian sequences. This 
gene shows an unexpected organisation in that it overlaps [011 by four 
bases. 
Sequence analysis of these genes and comparison of the predicted 
amino acid sequence with that from yeast and beef suggests that the 
higher plant mitochondrial genetic code differs from both the 
'universal' code and Lhe mammalian and lunqal mitochondrial genetic 
code. In particular CG[ (normally Arginine) is thought to encode 
tryptophan, and there is no evidence that LJGA encodes tryptophan as 
in other mt DNAs. This codon is used as a normal termination codon 
in the Oenothera COB gene (Hiesel and Brennicke 1984). Most of these 
genes have now been located on the circular restriction map of the 
maize mitochondrial gencme (Fig. 1.2). [01, URF-1 and COB are 
loosely linked in a 40Kbp region, whereas COIl is over 100 Kb from 
[01 (A. Dawson pers. commun.). All four genes appear to be trans-
cribed from the same DNA strand. 
It is clear from these studies that the maximum potential number 
of mitochondrial genes (predicted from the translation products of 
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Fig 1.2 	Map of the maize mitochondrial genome 
The locations of various protein and rRNA coding genes on the map of 
the maize mt genome has been determined by hybridisation with a 
cosmid bank of mt DNA clones. The episomal DNAs SI. and 52 (section 
1.8.2.2) are also marked. 
Drawn from D Lonsdale, pers. commun. 
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isolated mitochondria) would only occupy a very small proportion of 
the higher plant mitochondrial genome. Even allowing for the pres-
ence of genes normally found in the nucleus (F 1 a ATPase) and sequ-
ences apparently derived from the chloroplasts (Section 1.10.9) much 
of the plant mitochondrial genome must be composed of long stretches 
of DNA which has a sequence independent function or even no function 
at all. 
1.5 	REPLICATION OF MITOCHONDRIAL DNA 
A detailed review of the replication of mammalian mt DNA can be found 
in Clayton (1982). Analysis of replication intermediates separated 
on 3esium chloride gradients has revealed that the replication of 
the two strands [Heavy (H) and Light (L)] beams at two points on the 
mt DNA. Replication of the H strand is initiated in the D loop 
reaion (a region of the mt genome formally equivalent to a DNA tri-
plex structure) and proceeds until the L strand replication origin 
is displaced, at which point L strand replication begins. 
Replication of yeast mt DNA differs from mammalian mt DNA replica-
tion since at least seven separate origins (on) are involved 
(Bernardi 1982). Analysis of the DNA sequences retained in hyper- 
suppressive petites shows that the ori sequence is approximately 300 bp 
long and consists of three 6 + C clusters separated by A + T-rich 
stretches. This sequence can form secondary structures similar to 
those found at mammalianorigins of replication We Zamaroczy et al 
1981). Since the nonanucleotide sequence thought to be involved in 
initiation of transcription (section 1.6.3) is found at ori sequences 
in these petites, Osinga et al (1982, 1984) have concluded that this 
sequence is involved in RNA priming of DNA replication. 
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Replication of plant mt DNA has not been investigated in depth and 
as yet no origins of replication have been found. 
1.6 	TRANSCRIPTION OF MITOCHONDRIAL DNA 
1.6.1 	Mitochondrial. RNA polymerases 
Mitochondrial RNA polymerases are thought to be encoded in the nuclear 
genome and imported into the mitochondria. Since RNA polymerase plays 
such a central role in the expression of mt DNA, regulation of the 
activity of the enzyme could be one way in which the nucleus exerts 
control over the mitochondrial gene expression. Mitochondrial RNA 
polymerase has been purified from rat liver (Mukerjee and Goldfeder 
1973), Xenopus laevis (Wu and Dawid 1972), Homo sapiens (Walberg and 
Clayton 1983), Saccharomyces cerevisiae (Levens et al 1981) and 
Neurospora crassa (Kuntzel and Schafer 1971). 
The purest mt RNA polymerase preparations are resolved to one band by 
electrophoresi.s on SDS polyacrylamide gels. Typical molecular weights 
are: 
46,000 in X. laevis, 45,000 in S. cerevisiae, 64,000 in N. crassa, 
66,000 in rat. 
_c1p .9tI1 
The A 	mt RNA polymerase has only been partially purified, to give 
several polypeptides in the range 45,000 to 64,000. 
The most highly characterised mt RNA polymerase is that of S. cerevisiae. 
The enzyme sediments at 6.3S in glycerol gradients which is commen-
surate with a molecular weight of 100,000 to 150,000 assuming a 
globular structure (Levens et al 1981). Thus the 45,000 Mr  polypeptide 
cannot be the active enzyme since this would sediment between 3 and 
4S. The S. cerevisiae mt RNA polymerase is therefore likely to be a 
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multimeric enzyme composed of identical or non-identical 45,000 Mr 
polypeptides. The purified mt RNA polymerase from S. cerevisiae and 
the partially purified human mt RNA polymerase have been used to 
characterise in vitro 'run off' transcripts from defined DNA restric-
tion fragments (see for example Edwards et al 1983, Chang and Clayton 
1984, Bogenhagen et al 1984). The seemingly relatively simple organi-
sation of mt RNA polymerases from a variety of organisms contrasts with 
the more complex RNA polymerases of E. coil (subunits of Mr  ca 
160,000(61), 150,000(8), 70,000(0) and 36,500(Y) reviewed by 
Chamberlin (1982),Z. mays chloropiasts [subunits of Mr  200,000, 180,000 
as well as several smaller polypeptides (Smith and Bogorad 1974)] and 
the nuclear RNA polymerases I II and III where each type is composed 
of many subunits (reviewed by Lewis and Burgess 1982). All mt RNA 
polymerases characterised are insensitive to a amanitin. 
The biosynthesis of S. cerevisiae mt RNA polymerase has been studied 
by cell free translation of RNA isolated from yeast cells in different 
growth stages. One of the polypeptides synthesised has a Mr  of 47,000 
which is antigenically related to the 45,000 Mr  mt RNA polymerase, and 
probably represents a precursor form. RNA harvested from cells in 
late logarithmic or stationary phase direct the synthesis of increased 
levels of this N 47,000 polypeptide relative to mid-log cells. 
This induction of mt RNA polymerase follows the same course as the 
induction of the cytochromes, and thus can be correlated with an 
increase in the synthesis of mitochondrially encoded proteins (Levens 
et a]. 1982). 
1.6.2 	Mammalian mitochondrial RNAs 
The recent determination of the complete nucleotide sequence of 
several mammalian nit DNAs together with detailed analyses of the 
structural and metabolic properties of human mituchoncfrial trans- 
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cripts has allowed a fairly complete model to be proposed for the 
transcription of these mt DNAs (Attardi et aL1983. Ojala et al 1981, 
Montoya et al 1981). Both the H strand (which contains most of the 
genes) and the L strand (which contains 8 tRNA genes and one URF) are 
completely and symmetrically transcribed from promoters in the D loop 
region (section 1.5 , Murphy et al 1975). In spite of its limited 
informational content the L strand is transcribed at 2 - 3 times the 
rate of the H strand (Cantatore and Attardi 1980). The reason for 
this high rate of L strand transcription is not known. The compact 
organisation of the mammalian mt DNA is reflected in its pattern of 
transcription, the salient features of which are: 
Mammalian mt mRNAs are not capped since the 5' sequence of the 
mRNA aligns exactly with the coding sequence (Montoya et al 1981). 
The 5' of most mRNAs are immediately adjacent to, or separated 
by a few nucleotides from tRNA genes (Anderson et al 1981). 
The 3' terminal residue of most mt mRNAs corresponds to a DNA 
residue immediately adjacent to the 5' end of a tRNA gene. 
Mammalian mitochondrial mRNAs lack significant 5' non-coding 
stretches, since initiation codons are usually found within six 
nucleotides of the 5' terminus. 
Mature mRNAs are polyadenylated with ca 55 nucleotides (Hirsch 
and Penman 1974). This is necessary to complete the termination 
codon in some mammalian mt qenes which end with the incomplete trip-
lets U or UA. 
These features of mammalian mt transcripts are consistent with a 
model for H-strand transcription where a single complete transcript 
is processed before and after each tRNA sequence to yield mature mRNAs. 
Where tRNAs are not found at a putative processing site for example 
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between ATPase 6 and COIlI, the processing enzyme may recognise an 
alternative secondary structure (Bibb et al 1981). Failure to detect 
any giant sized H strand precursors suggests processing of transcripts 
takes place while they are still part of the transcription complexes. 
An obvious limitation of this model is that it places the expression 
of rRNA, tRNA and protein coding genes under the control of one pro-
moter. While the products of the protein coding genes may be required 
in fairly equal stoichiometries, it does not explain the sixty-fold 
molar excess of the rRNAs (Attardi et al 1982). Recent experimental 
evidence strongly supports the existence of two separate H strand 
promoters. Initiation of RNA synthesis just upstream from a tRNAPhe 
gene occurs frequently and gives rise to transcripts terminating at 
the 3' end of the 16S rRNA. Initiation at the second promoter which 
is downstream of the first and located near 5' end of the 125 rRNA 
gene is much less frequent and results in the synthesis of a polycis-
tronic transcript of the entire H strand. The evidence for two separ-
ate promoters is as follows: 
Mapping of nascent transcripts on mt DNA identify two sites for 
the initiation of transcription: one is situated very close to the 
5' terminus of the 125 rRNA gene and the other is 90 - 110 bp upstream, 
to the 5' of a tRNAe gene (Montoy3 et al 1982). 
Kinetics of labelling 	 showed there were two types of 
transcription event, one giving rise to the rRNAs, the other to trans-
cription of the entire H strand mRNAs (Attardi et al 1983, Montoya et 
al 1983). 
Primary transcripts "capped" in vitro with 	32P - GTP and 
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guanylyl transfcrase (section 1.6.3) also map to two distinct pos-
itions on the mt genome (Attardi et al 1983). 
A consequence of this model is that the fate of a transcript is 
determined either by the involvement of two RNA polymerases, or by 
the sequences present at the 5' end of an individual transcript. 
In vitro transcription of human mt DNA has identified potential 
promoter sequences involved in the initiation of transcription of 
the H and L strands (Bogenhagen and Clayton 1984, Chang and Clayton 
1984). In this assay the purified mt RNA polymerase only initiates 
from the 'promoter' upstream of the 	
Phe  and 125 rRNA. Trans- 
i 	i 	 j 	
Phe 
cription s not nitiated at the unction between tRNA 	and 12S 
rRNA, postulated to be the position where mRNAs initiate. This 
probably reflects its in vivo role as a 'weak' promoter. The 
human L and H strand putative promoters share the sequence 
5' CANAC CCAAAGAPyA 3' (Chang and Clayton 1984) and transcription 
initiation occurs 6 - 8 bp 3' of this sequence. 
Post-transcriptional modifications of human mt transcripts include 
of individual transcripts from the polycistronic mRNA, 
polyadenylation, and the addition of the non-coded 5' CCA 3' to 
Rph 
the 3'Aof  tRNA molecules (Anderson et al 1981). 
1.6.3 	Fungal mitochondrial RNAs 
The scope for differential transcription and post-transcriptional 
control of mt gene expression is far more extensive in yeast than 
it is in mammals. At least nineteen different RNAs are 'cappable' 
in vitro with the enzyme guanylyl transferase. This enzyme dis-
tinguishes the 5' ends of primary transcripts from those generated 
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by processing. Thus these nineteen RNAs presumably represent the 
products of de novo transcription-initiation at distinct promoters 
(Edwards et a1 1983). To date, fourteen of these primary transcripts 
have been J.ocalised on the genetic map (Christianson et al 1982, 
Christianson et al 1983). 
Comparison of the DNA sequences at the sites of initiation of trans-
cription reveals a conserved nonanucleotide sequence 5'( (TI ATAAGTA 3' 
(reviewed by Tabak et al 1983); this sequence also precedes the 
rRNA genes of the fungus Kluyveromyces lactis (Osinga et al 1982) and 
may thus represent part of a promoter. In all cases examined trans-
cription is initiated at the last A residue of the conserved sequence. 
Several genes lack this sequence motif and it seems likely that they 
form part of larger transcriptional units and their mature mRNAs are 
subsequently generated by processing. For example no putative pro- 
Glu 
moter is found between the 5' end of the COB gene and a LRNA 	gene 
1050 bp upstream (Christianson et al 1983). The gene clusters 
thouoht to be under the control of one 'promoter' are 
5' 215 rRNA ...... tRNAThr  3' 	 [evens et al 1981 
Phe 5 tRNA. .tRNAVa1 .  . . .COIII 3' 	 Thalenfeld et al 1983 
5' tRNAt  ... tRNA synthesis locus... tRNA
Pro  Miller et al 1983 
5' COT ... ATPase 8.. .ATPase 6... 	URE 	3' Edwards et aJ 1983 




ATPase 9.... 	LRNA er 
	Var-i 	3' Martin et al 1982, 
Edwards et al 1983 
While the position and evolutionary conservation of this sequence 
suggest that it may function as a promoter in fungal mitochondria, 
there is evidence that it alone is insulficient for transcript.ion 
at 
initiation and other factors must be involved. The evidence is: 
Edwards et al (1982) have used an in vitro transcription system 
using purified S. cerevisiae mt RNA polymerase to analyse 'run-off' 
transcripts from mt DNA templates. While S. cerevisiae templates are 
correctly transcribed in vitro,K. lactis templates, which contain 
perfectly conserved copies of the sequence, are not (Tabak et aT 
a 
1983). Hence the presence of/'promoter' in front of a gene is not 
sufficient to specify correct initiation. 
Controlled mutagenis (Loller and Smith 1982) shows that the 
'promoter' can tolerate drastic sequence changes and still direct 
correct transcription initiation (Tabak et al 1983). 
Two 'promoter' sequences are found upstream of ATPase 9 gene and 
yet only the upstream 'one' directs high level transcription (Edwards 
et al 1983, Zassenhaus et al 1984). 
It is also clear that tRNAs, mRNAs and rRNAs are under the control of 
one 'promoter'. The fact that the same purified polymerase preparation 
is capable of correct initiation at sites serving to transcribe mixed 
collections of genes strongly suggests that a single mt RNA polymer- 
ase is used to transcribe all three types of mitochondrial gene. 
Transcription in other fungal species has not been so extensively 
characterised as the yeast 	 mitochondria. However, a 
sequence showing 70% homology to the yeast nonanucleotide putative 
promoter sequence has been found preceding the Neurospora crassa DI 
gene (de Vries et al 1983). Tandemly repeated PstI sites (PstI 
palindromes) are thought to play a role in the processing of poly-
cistronic transcripts in N. crassa (Yin et al 1980) perhaps by 
providing a recognition site for a processing enzyme. Thus for 
example the MAL gene (ATPase proteolipid) is thought to be cotrans- 
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cribed with the upstream ATPase 6 gene and the 5' end of the pro-
cessed MAL transcript maps precisely to a PstI palindrome We 
Vries et al 1983) 
In yeast, a conserved dodecamEr sequence 5' AAUAAUAIJUCUU 3' has been 
implicated in processing (distinct from splicing) of polycistronic 
mPNAs (Osinga et al 1984a). Processing of yeast mt tRNAs at their 5' 
ends is dependent on the action of an enzyme which requires a specific 
RNP component encoded by the mitochondrial tRNA synthesis locus 
(Miller et al 1983). E. coli tRNAs are processed in a 
similar way (Hopper et al 1982) and indeed yeast pre-tRNAs can be 
accurately processed by E. coli RNase P (Miller et al 1983). 
The splicing (as opposed to processing) of the transcripts of split 
mt genes has been studied in particular detail. Excision of introns 
is dependent on one or more of the following: self encoded proteins 
(maturases), nuclear encoded products, critical sequences within the 
intron but removed From the splice site and formation of complex 
secondary structures in the unspliced transcript. This subject has 
been reviewed extensively by Grivell et al (1983) and is only briefly 
treated here. The splicing pathway of the 'long' form of the yeast 
COB gene containing five introns is shown in Figure 1.3. No 
maturase has yet been isolated in active form and their role in 
splicing is as yet speculative. Until recently there was no evi-
dence that the open reading frames present in some introns pos-
tulated to encode part of a inaturase were actually translated (al-
though there was very good genetic and biochemical evidence 
suggesting the existence of a diffusible protein product). However 
using antibodies raised against synthetic oligopeptides (Guiso et al 
941 
S. cerevis1i 
The splicing pathway of tiu 	buy torfi 	I 	 • 	- 
gene (strains 777-3A and KL 14-4A) is 
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frame in intron 2 form the mRNA for a maturase enzyme. 
Maturase splices intron 2, destroying its own mRNA. 
Intron 	is spliced by a nuclear enzyme. 
Exons 1, 2, 3 and 4 form mRNA for a maturase which splices intron 4. 
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1984) and fusion proteins (Jacq et al 1984), the products of introns 
2 and 4 of the yeast COB gene have been identified as proteins of 
42,000 and 27,000 respectively in splicing deficient mutants which 
accordingly overproduce the maturase. In wild type cells, the 
niaturase is not detected. Interestingly the maturase encoded by 
COB intron 4 is not only important in the splicing of COB transcripts, 
but also appears to be involved in the expression of the COT gene, 
whereby it excises intron 4 of COT from the unspliced transcript 
(Church et al 1979, Dhawle et aT 1981). Mutations in intron 4 of 
COB obviously affect correct processing of COT, but can be suppressed 
by both nuclear (NAM 2-1), and mitochondrial (mini 2-1) mutations 
(Groudinskyet al 1981). Both mini 2-1 and NAM 2-1 mutations are 
thought to activate a previously silent maturase in COT intron 4. 
The former causes an amino acid change in the COT intron 4 (Du-
jardin et al 1982); the mode of action of NAM 2-1 is not known 
(Dujardin et al 1983). 
The identification of two nuclear mutants defective in processing 
of mt transcripts points to the further involvement of nuclear 
genes in yeast mt gene expression. Mutations in the nuclear 
CBP-1 gene introduce an instability to COB transcripts due to in- 
correct 5' processing (Dieckmann et al 1984a, 1984b), and a defec-
tive nuclear encoded MSS-51 product prevents proper splicing of COT 
introns (Faye and Simon 1983, Simon and Faye 1984). 
1.6.4 	Plant mitochondrial RNAs 
Transcription of the higher plant mt genome has barely been investi-
gated, and this area forms the basis of the work described in 
Chapters 3, 4 and 5. 
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1.6.5 	RNA synthesis in isolated mitochondria 
Isolated yeast mitochondria incorporate 32 P [JTP into RNA which 
hybridises to mt DNA. Incorporation of nucleotides into RNA pro-
ceeds linearly for over one hour, and the products are insensitive to 
ribnnuclease, strongly suggesting synthesis has taken place in intact 
mitochondria (Groot et al 1981, Boerner et al 1981, Newman and Martin 
1982). 
The labelling kinetics of the yeast 215 and 15S rRNAs have been 
studied using isolated mitochondria. The 2 S pre rRNA (which is split 
by a UCCb intron ( CricL ti a 1 () ) and undergoes processing at the 
3' end whereby 1 Kb of 3' extension is removed (Marten et a]. 1980) 
undergoes complete processing and splicing during a chase (Boerner 
et al 1981). The 15.55 precursor rRNA could not however be chased 
into mature 15S rRNA (Boerner et al 1981). This suggests that some 
factors normally supplied from the cell sap are lacking in isolated 
mitochondria and thus prevent proper maturation. 
1.7 	TRANSLATION OF MITOCHONDRIAL RNAs 
The mitochondrial translation system is distinct from that of the 
cytoplasm (Kuntzel and Noll 1967) and shares a number of features 
with the bacterial system (reviewed in chapter 3). The majority 
of components are encoded by the nucleus, the exceptions being rRNAs, 
tRNAs and a ribosomal protein in fungi and plants. The mitochondrial 
ribosomes from a variety of organisms differ greatly in their sedimen-
tation coefficients (Table 1.3). 
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Table 1.3 	Sedimentation coefficients (S) of mt ribosornes and rRNAs 
Organism Ribosomes (5) rRNAs (5) Reference 
Trypanosomes - 125 95 
Humans 55 - 60 16S 125 Anderson et al 	1981 
Yeast 73 - 74 215 155 Tzagoloff 1982 
Plants 77 - 78 26S lBS 55 Reviewed in Leaver 
and Gray 1981 
Schizosaccharomyces - 195 145 Lang et al 1983 
pombe 
Mammalian and fungal mitochondria encode only a small number of 
tRNAs (22 and 25 respectively, Anderson et al 1981, Borst and 
Grivell 1981). According to "wobble rules", 32 tRNAs are required 
to decode the 61 amino acid encoding triplets. It appears that the 
tRNAs of these mitochondria have an expanded codon recognition pattern 
and a "2 out of 3" pairing process operates between codon and anti-
codon (Attardi 1981). Some mt tRNAs show unusual structure eg human 
mt tRNA er which lacks one of the universal arms (de Bruijn et al 
1980). 
Little is known about mitochondrial translation initiation. Since 
mammalian mt mRNAs do not carry 5' non-translated regions, trans-
lation must start at or very near the 5' end (Montoya et al 1981), 
and it is not known how specificity of translation initiation is con-
ferred. Putative ribosome binding sites (oriainally described for 
eubacterial and chioroplast mRNAs, Shine and Dalgarno 1974, Steitz 
and Jakes 1975, Whitfeld and Bottomley 1983) have been identified 
in fungal and plant mt RNAs which do carry 5' untranslated regions. 
Li et al (1982) have suggested that in yeast mitochondria the sequence 
5' AAAUUCUAUA 3' found at the 3' end of the 15S rRNA could base pair 
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with a 4 - 10 nucleotide complementary sequence located 	8 - 116 
nucleotides upstream from all S. cerevisiae protein coding genes. A 
more convincing putative ribosome binding site has been idenLified 
in plant mitochondria (Dawson et al 1984) involving the octa-
nucl.eotide sequence 5' UGAAUCCU 3' at the 3' end of maize 185 rRNA 
(Chao et al 1983). Analysis of a variety of plant mt protein coding 
genes shows many are preceded 13 - 18 nucleotides 5' to the AUG 
codon by a tetranucleotide displaying 3/4 or 4/4 complementarity with 
the 185 rRNA sequence 5' UGAA. Additional homology to the remainder 
of the octanucleotide also occurs in this region (Dawson et al 1984). 
The biochemistry of mitochondrial protein synthesis has not been 
studied in any detail. However it is clear that the nucleus plays 
an important role since it encodes components of the translation sys-
tern. For example, mammalian mitochondrial ribosomes contain at least 
85 proteins (O'Brien and Matthews 1976), none of which is thought to 
be encoded on the mt genome. Recently the nucleus has also been 
shown to encode proteins which specifically stimulate translation of 
particular mt mRNAs. Thus in S. cerevisiae mutations of the nuclear 
gene PET 494-1 prevent translation of [0111 mRNAs; this mutation can 
badAl 
be suppressed in petites where the COIlI gene is fused (¼5 ' ends of 
genes which are not under the control of the PET 494-1 product (Muller 
et al 1984). 
1.8 	MITOCHONDRIAL MUTATIONS AND CYTOPLASMIC MALE STERILITY 
1.8.1 	Mitochondrial mutations; general features 
Mutations in mitochondrial DNA which disrupt mitochondrial Function 
have greatly expedited the identification of mt genes in S. cerevisiae. 
These mutations are not lethal because yeast can survive by anaerobic 
fermentation. In other organisms complete deficiency in the syn-
thesis of any mitochondrial translation product is lethal and so the 
number of mitochondrial mutants isolated tends to be small. Many 
mitochondrial mutants have been isolated and characterised from 
S. cerevisiae, and it is the number and diversity of these mutants 
that has allowed detailed genetic maps of the yeast mt genome to be 
constructed. Rho mutants (petites) occur spontaneously at very 
high frequency and result from the deletion of large sequences of mt 
DNA and the tandem amplification of the remanirg segments. Many 
point mutations (mit syjf and mim reviewed in Bernardi 1983) have 
now been mapped within both coding sequences and introns. Syn 
mutations map in the genes of the protein synthetic machinery and 
lead to complete or partial deficiency in mitochondrial protein 
synthesis. Mit mutations map within protein coding genes and thus 
affect respiration. Mim mutations restore respiratory capacity to 
other mitochondrial mutants but do not themselves confer a mutant 
phenotype eg mim-2-1 described in section 1.6.3. 
Excisions and amplification of mt DNA similar to petites have also 
been described in other fungi, notably senescent cultures of Podospora 
anserina (Wright and Cummings 1983), the poky and stopper mutants of 
Neurospora crassa (de Vries et al 1981) and the ragged mutants of 
Aspergillus amstelodami (Lazarus and Kuntzel 1981). 
1.8.2 	Cytoplasmic male sterility in plants 
Cytoplasmic male sterility (cms) is a maternally inherited trait which 
prevents the formation of functional pollen but does not affect female 
fertility (Duvick 1965, Edwardson 1970). This phenotype has in the 
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past been commercially useful in production of hybrid corn by pre-
venting self pollina tion of the seed parent. There is considerable 
evidence (reviewed in section 1.8.2.1 and by Leaver and Gray 1982) 
that the cms trait is carried on the mt DNA. 
In maize there are three types of 'ms, ms (1, S and C) which differ 
in the specific nuclear genes required to restore fertility (restorer, 
Rf genes, Beckett 1971). The cms mutations are conditionally lethal, 
since they only cause dysfunction when the plant is placed under 
certain types of stress for example during anthesis. Maize plants 
carrying the T cytoplasm are also susceptible to the T toxin pro- 
duced by the fungus Dreschlemmaydis Race T (Ullstrup 1972). This 
toxin causes uncoupling of oxidative phosphorylation and leakage of 
NAD 
+
from mitochondria, leading to cell death (Matthews et a]. 1979). 
The toxin is therefote another form of stress but one which causes the 
cms mutation to be manifested throughout the whole plant. 
1.8.2.1 	Evidence for the association of cms with a mitochondrial 
mutation 
Mitochondrial DNAs isolated from male fertile (N) or cms-C S and 
T plants can be distinguished on the basis of their restriction enzyme 
profile (Pring and Levings 1978) whereas the chioroplast DNAs of the 
same cytoplasms are almost identical. 
Isolated mitochondria from N C S and T plants synthesise a common 
spectrum of 18 - 20 polypeptides, each male sterile cytoplasm being 
characterised by the synthesis of additional polypeptide(s). Ems T 
and C mitochondria synthesise polypeptides of Mr  13,000 and 17,500 
respectively which replace products of Mr  21,000 and 15,000 in N. 
Ems S mitochondria synthesise eight additional polypeptides of Mr 
42 - 85,000 (Forde et al 1978, Forde and Leaver 1980). 
RV 
[orde and Leaver (19 ) oujgeot that the 1 5 ,0M]  M pol ypupti de 
synthesised by ems T mitochondria could act as a binding site for T 
toxin and for some anther-specific substance. Binding of these sub-
stances could lead to changes in mitochondrial membrane permeability 
and leakage of NAD. The ability of the restorer genes to suppress 
synthesis of the 13,000 Mr polypeptide may be relevant to this model, 
although Walton (1983) suggests absence of the 21,000 Mr polypeptide 
rather than presence of 13,000 Mr  polypeptide is more closely corre-
lated with toxin sensitivity. 
The ems T genotype and susceptibility to D. maydis T toxin are 
inseparable, suggesting that both traits are different manifestations 
of the same mutation (Brettel et a]. 1980, Gengenbach et al 1981). 
Thus the specific susceptibility of mitochondria from T cytoplasm to 
T-toxin while chloroplasts from the same cytoplasm (and also mito-
chondria from N cytoplasm) are unaffected implies the mutation resides 
in the mitochondrion. 
Ultrastructural studies during pollen formation show mito-
chondrial degeneiationin the anthers is the first sign of abnormality 
in ems T plants. This degeneration coincideswith the end of a 
period of rapid mitochondrial division, again reflecting the con-
ditional nature of the mutation (Warmke and Lee 1977). 
1.8.2.2 	Plasmid-like DNA molecules in plant mitochondria 
Plasmid-like episomal DNA molecules have been found in a variety of 
plant mitochondria eg.sugarbeet (Powling 1981), Brassica species 
(Palmer et al 1983), sorghum (Dixon and Leaver 1982, Pring et al 
1982), and maize (Pring et al 1977). A brief discussion of two of 
the episomal DNAs of maize is included here because of their possible 
association with cytoplasmic male sterility. 
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Cms S mitochondria contain equimolar amounts of two linear molecules 
of 6.4 and 5.4 Kb designated Si and 52 respectively (Pring et a]. 
1977). These 'plasmids' have the following properties: 
Cms S mitochondria normally contain equal amounts of Si and 52 
except in certain 'Vg' lines (a type of crns S cytoplasm) where the 
relative proportions of Si and 52 appears to be under nuclear control 
(Levings et a]. 1980). Si and S2 are present in a fivefold molar 
excess over 'main band' mt DNA (Thompson et a]. 1980). 
51 and S2 share homology of approximately 1,500 bp at one end. 
Both have terminal inverted repeats of approximately 200 bp 
(Levings and Sederoff 1983). 
Si and 52 are covalently attached to protein molecules at their 
termini (Kemble and Thompson 1982). Levings (pers. commun.) sug-
gests that these proteins may be involved in the replication of Si 
and 52 which could occur in a similar fashion to that of Adenovirus 
DNA (Rekosh et al 1977). 
Sequence analysis of 52 (Levings and Sederoff 1983) shows the 
presence of two open reading frames on opposite strands of 3613 and 
1017 bp. 51 contains three open reading frames, the largest of 
which is 2787 bp (S. Levings pers. commun.). These are clearly lonq 
enough to encode the high molecular weight proteins characteristic 
of ems S cytoplasm, but in the absence of a cell free tiranscriptiori/ 
translation system for mt DNA (Chapter 3) this relationship cannot 
be proven other than by microsequencing of the HMW proteins and com-
parison of the protein and DNA sequences. 
Cms S strains are unstable and revert to male fertility spon-
taneously (Laughnan and Gabay 1973). These reversions can be at the 
nuclear or cytoplasmic level. The former are functionally equivalent 
to the generation of new Rf lad, although individual nuclear 
revertants map at several different points in the nuclear genorne and 
even on different chromosomes (Laughn and Gabay 1975). Cytoplasmic 
reversions to fertility are associated with the loss of free Si and 
and 52 from the rnitochondria and the appearance of novel 'main band' 
nit DNA restriction fragments showing homology to Si and S2 (Levings 
et al 1980). The correlation of integration of Si and 52 into mt 
DNA with reversion to fertility suggests they could be acting as 
mobile male fertility elements (Laughnan and Gabay 1975a), although 
amplification of existing sequences cannot be discounted. 
Sequences homologous to Si but not S2 have been found in the 
nuclear DNA of N, cms 5, SRf and nuclear revertant lines. The 
restriction fragments hybridising to Si are identical in each case 
showing the Si is not acting as a mobile 'fertility element' in 
nuclear reversion (Kemble et al 1983). 
Sequences homologous to portions Si and S2 have been found in 
'main band' mt DNA of N mitochondria (Thompson et al 1980). The 
integrated copies lack the 1,500 bp homologous region (McNay et al 
1983), and they are flanked at one end by the 3 Kb repeat sequence 
thought to be involved in intramolecular recombination (Lonsdale et 
al 1983 and section 1.3.4). Si and S2 specific sequences hybridise 
only weakly to 'main band' mt DNA from C S and T cytoplasms. Such 
faint hybridisation may be due to 
short stretches of homology in main band mt DNA from these 
cytoplasms or 
a variant sub population of mt genomes carrying integrated copies 
of Si and 52. 
KLOJI 
Other plasmid-like DNAs have been found in various maize lines. Some 
races of S. American corn contain two linear episomes R1 and R2 which 
are not associated with male sterility but show considerable homology 
to Si and 52. R2 is probably identical to S2 while Ri is similar to 
Si but is approximately 1 Kb longer (Weissinger et aLl 1981, 1983). 
Levings (1983) has suggested Si might have arisen by recombination 
between Ri and R2, thus accounting for the origin of the 1.5 Kb 
shared sequence. Other linear and closed circular episomal DNAs have 
been found in N C S and T mitochondria (see for example KembLie and 
Bedbrook 1980, Kemble et al 1983a). 
1.9 	MIGRATORY DNA 
One of the most unexpected findings in the last few years has been 
the discovery that organelle and nuclear genomes are not maintained 
discretely in their respective organelles, but rather share common 
sequences, dubbed 'promiscuous DNA' by Ellis (1982). Maize mito-
chondria have been shown to contain two stretches of DNA homologous 
to chioroplast DNA. One contains a highly conserved form of the 
gene for the large subunit of RuBPCase, and the other is a 12 Kb 
stretch containing the 16S rRNA and two to three tRNA genes (Lonsdale 
et al 1983a, Stern and Lonsdale 1982). Stern and Palmer 
have shown that chloroplast DNA sequences are found in the mt genomes 
of a variety of angiosperins including the chLloroplastj3 ATPase which 
is found in mung bean mt DNA. The identification of a partial copy 
of photogene 32 (pA) in Si DNA (S. Levings pers. commun.) means 
this chioroplast sequence is present in both main band and episomal 
mt DNA,and also possibly therefore integrated into the nucleus in N, 
cms S SRf and nuclear revertants (section 1.9.2.2). Interorcjanelle 
movement is not restricted to chioroplasts and mitochondria. 
Nuclear copies of rnitchondrial sequences have been found in a 
variety of organisms for example yeast (Farelly and Butow 1983), 
locust (Gellissen et al 1983), rat (Hadler et al 1983) Podospora 
anserina (Wright and Cummings 1983). Chioroplast sequences have been 
found in the nucleus of spinach (Timmis and Scott 1983). In most 
cases the DNA sequences integrated into the nuclear genome represent 
partial copies of genes which are often rearranged. However in sea 
urchin, a complete copy of CDI has become integrated and TGA codons 
appear to have been specifically converted to TGG (Jacobs et al 
1983). Thus if transcribed the nuclear copy could be translated to 
yield a complete CDI protein; however there is no evidence that it is 
transcribed in the nucleus. This may represent the early transfer of 
a mitochondrial gene to the nucleus, later stages being characterised 
by the mitochondridl copy becoming non-functional. This premise is 
supported by the finding that ATPase subunit 9 gene is encoded by 
the nuclear genomes of N. crassa (van den Boogart et al 1982) and 
A. nidulans (Scazzocchio et al 1983) and yet the mitochondria retain 
silent non-expressed copies of these genes. The way in which DNA is 
transferred hetween organelles is not known. Ellis (1982) suggests 
three mechanisms: breakdown of organelles followed by uptake of DNA 
into novel locations; fusion of organelles followed by recombination; 
or vector mediated transfer. It seems likely that these different 
potential transfer mechanisms may be used by different 'promiscuous' 




1.10 	SCOPE OF THIS THESIS 
It is apparent from the review of the literature presented in this 
chapter that while the mitochondrial genes and their expression have 
been well characterised in mammals and fungi, an equivalent under-
standing of plant mitochondrial genes has not yet been reached. The 
work described in this thesis was undertaken to partly redress that 
balance. Three particular aspects were studied in detail: 
To identify coding regions of the higher plant mitochondrial 
genome, attempts were made to develop a cell free system which would 
transcribe and translate mt DNA with fidelity. Such a system would 
greatly expedite our understanding of the coding capacity of the 
higher plant mt qenome, which is likely to contain genes not found 
in the nit DNA of other organisms, and which therefore could not be 
easily identified. A cell free system capable of translating mt RNA 
would also allow studies on the expression of the plant mt genome, 
allowing for example quaniitative measurements of translatable RNAs 
during mitochondrial biogenesis. 
To study the way in which higher plant mt genes are expressed, 
the transcripts of four protein coding genes (Cot, CDII, COB and 
F 1 ATPase a subunit) and of the episomal DNAs Si and S2 were pre-
liminarily characterised. In the absence of a cell free transcrip-
tion translation system, identification of RNAs hybridising to a 
gene snecific DNA probe is 	 that a particular gene is 
actually expressed in the mitochondrion. 
A preliminary study on the expression of mt genes during bio-
genesis of mitochondria was undertaken. During germination and early 
development of Vicia faba seedlings, there is a great diffcrential 
in the ability of mitochondria to incorporate 
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 methionine into 
protein. There are also differences in the spectrum of poTypeptides 
synthesised. Preliminary investiyations as to whether these dif-
ferences are due to a requirement for mitochondrial mRNA synthesis 
were undertaken. 
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CHAPTER 2 	MATERIALS AND METHODS 
2.1 	MATERIALS 
2.1.1 	Seed 
Maize seed was provided by Pioneer Hibred International Des Moines, 
Iowa, U.S.A. Seeds with the nuclear background 3541 and cytoplasmic 
genotype N (normal) were used for most of the studies in this thesis. 
Seed with nuclear background WF9 with N (normal) and C, S and T (male 
sterile) cytoplasmic genotypes was used in experiments as stated. 
Vicia faba (Faba bean) seed was provided by the National Seed 
Development Organisation. 
2.1.2 	Chemical reagents 
All reagents other than those listed below were obtained from British 
Drug Houses (BDH Ltd., Poole) or from the Sigma Chemical Co. (Poole) 
and were of Analar or Sigma grade. Other reagents used were: 
Acrylamide and NN'Methylenebisacrylamide: BDH 'Electran' grade 
Agarose: Miles Laboratories 
'Sea Kern' Agarose: FMC Corporation, Rockland, U.S.A. 
Ampicillin ("Penbritin"): Beecham Research Laboratories 
Butyl PBD: Intertechnique Ltd. 
Caesiurn chloride: Fisons Scientific Apparatus 
Coomassie Brilliant Blue R: Raymond A. Lamb Ltd. 
Loxynuc leotide triphosphates and yeast tRNA: Boehringer Mannheim GmBH 
Dideoxynucleotide triphosphates: P - L Biochemicals Inc. 
Herring Sperm DNA: Serva Feinbiochemica, Heidelberg 
FVP: L. Light & Cu. Ltd. 
Sephadex: Pharmacia fine chemicals 
Triton X - 100: Hopkin and Williams 
	
2.1.3 	Enzymes 
Restriction enzymes were obtained from the following suppliers: 
Amersham International. plc, Bethesda Research Laboratories (U.K.) Ltd. 
Boehringer Mannheim GmBH, P & S Biochemicals Ltd. 
Calf intestinal phosphatase (CIP) was supplied as an ammonium sulphate 
suspension from B.R.L. To prepare for use it was passed through a 
Sephadex G75 column equilibrated with 20mM Tris Cl pH 7.4 and 100mM 
KC1. Fractions containing CIP were identified by their ability to 
prevent ligation of restriction-enzyme-digested DNA. 
Active fractions were pooled and glycerol added to 50 90' (v/v) 
DNase I (RNase free): Worthington Biochemical Corporation 
DNA polymerase I (E._coil): New England Biolabs 
DNA polymerase I, Kienow fragment (E._coli): Boehringer or B.R.L. 
T4 DNA ligase, 14 polynucleotide kinase and lysozyme: Boehringer 
All enzymes were stored at -20°C according to the manufacturers' 
instructions. 
2.1.4 	Radioisotopes 
The following radioisotopes were purchased from Amersham International 
plc: 
a 32P dCTP (triethyl ammonium salt in stabilised aqueous solution) 
at 400 Ci/rnmol, 10 pCi/jJl 
35 S-L-methionine (in 20mM potassium acetate, 0.170' (w/v) 2-
mercaptoethanol, 1mM DTT), 1000 Ci/mmol, 5 jiCi/jJl 




2.1.5 	Stock Buffers and Media 
TEO0: 10mM Tris, 1mM EDTA pH adjusted to 8.0 with 1M HCl 
10 x TBE: 0.89M Tris, 0.89M Boric acid, 0.02M EDTA pH 8.3 
Phenol: redistill.ed under degassed water and equilibrated with TE80 
until pH 8.0 
20 x SSC: 3M NaCJ, 0.3M Sodium Citrate pH adjusted to 7.0 with 1M HCl 
Minimal agar: 1.5% (w/v) Difco bacto agar, 0.2% (w/v) (NH 4 ) 2 SO4 , 1.4% 
(w/v) KH2PO4 , 0.6% (w/v) KH 2 PO4 , 0.1% (w/v) Sodium Citrate, 
0.02% (w/v) MgSO4 , 0.2% (w/v) glucose, 2.5 x 10% (w/v) thiamine 
hydrochloride. 
BBL top agar: 1% (w/v) Difco bacto agar, 0.65% (w/v) Baltimore 
Biological Laboratories trypticase, 0.5% (w/v) NaCl 
L. Broth (Luria and Delbruck, 1943): 1% (w/v) Difco Bacto Tryptone, 
0.5% (w/v) Difco Bacto yeast extract, 0.5% (w/v) NaCl, pH adjus-
ted to 7.2 with SM NaOH. 
L agar: 1.5% (w/v) Difco agar, 1% (w/v)Difco Bacto tryptone, 
0.5% (w/v) Difco Bacto yeast extract, 1 00' (w/v) NaCl pH adjusted to 
7.2 with 5M NaOH. 
All buffers and media were either autoclaved at 15 p.s.i. for 20 
minutes or prepared from individually sterilised components. 
2.1.6 	Miscellaneous 
Small scale reactions were carried out in 1.5ml polypropylene tubes 
(Sarstedt) which were centrifuged as required in a 12 or 40 place 
Eppendorf centrifuge at a fixed force of 12,000x 
%ax*  Larger 
volumes were handled in 15m1 and 30ml Covex tubes o 250ml poly-
carbonate bottles. These were centrifuged as necessary in a 
Sorvall RC5B centrifuge using SS-34 and GSA fixed angle rotors, 
and an HB4 swing-out rotor, up to 40000Xve 
Ultracentrifugation up to lOOOOOXve  was carried out either in a 
Sorvall OTD50B centrifuge using a fixed angle TFT.65.13 rotor or a 
Spinco L ultracentrifuge using a fixed angle Type 40 rotor. All 
tubes and bottles were sterilised before use by autoclaving (1.5 inl 
polypropylene tubes), bakinq at 120°C overnight (Corex tubes), nr 
by immersion in 1% (w/v) sodium hypochlorite for 30 minutes. 
Seeds were grown on 12 ply cellulose wadding (Robinson and Sons Ltd.) 
2.2 	METHODS 
2.2.1 	Isolation of maize mitochondrial RNA 
2.2.1.1 	Buffers 
GrindingMedium: 0.4M mannitol, 1mM EGTA, 25mM MOPS, 0.1% (w/v) 
BSA, 8mM cysteineHCl pH adjusted to 7.8 with 5M KOH 
Wash Medium: 0.4M mannitol, 1mM EGTA, 5mM MOPS, 0.1% (w/v) BSA pH 
adjusted to 7.5 with 0.5M KOH 
Buffered sucrose stock solution: 2M sucrose, 10mM Tricine, 1mM EGTA 
pH adjusted to 7.2 with 5M KOH. The stock solution was diluted for 
gradients with appropriate volumes of 10mM tricine, 1mM EGTA pH 7.2 
Dilution Medium: 0.2M mannitol, 10mM Tricine, 1mM EGTA adjusted to 
pH 7.2 with 0.5M KOH 
RNA extraction buffer: 0.5% (w/v) NDS, 50mM Iris, 50mM NaCl pH adjus-
ted to 7.4 with 1M HCI. 
1 x DNase buffer: 50mM MES, 2.5mM Magnesium acetate pH adjusted to 
7.0 with 10M NaOH. 
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2:2:1:2 	Growth of plant material 
Seeds were surface sterilised for 15 minutes in sodium hypochlorite 
[1% (w/v)1 and imbibed overnight in cold running water. The seeds 
were planted on sterile cellulose wadding moistened with sterile 
distilled water, and allowed lo germinate in darkness for 4 or 5 
days at 30°C. Each tray (45 x 27 cm) contained 50 - lOOg seed. 
2.2.1.3 	Isolation of mitochondria 
Mitochondria were isolated according to Leaver et al (1983). All 
operations after harvesting were carried out af 4°C. Maize coleop-
tiles were harvested into ice-cold water, cut into 1cm sections and 
washed three times with ice-cold sterile water. After the addition 
of grinding medium (2rnl./g tissue), the tissue was homogenised to a 
creamy consistency in a pestle and mortar. The homogenate was 
filtered through 4 layers of muslin, 2 layers of milk filter (Blow, 
"Maxa") and centrifuged at l000xa ave  for 5 minutes in the Sorvall -'  
GSA rotor. The supernatant was transferred to clean bottles and re-
centrifuged at 14,OOOx 	for 15 minutes. The mitochondrial pellet 
from approx. 50a tissue was resuspended in 20mls of wash medium and 
subjected to one more ruund of differential centrifugation. The 
enriched mitochondrial pellets were resuspended in wash medium (2ml / 
50g tissue) using a small homogeniser and further purified by centri-
fugation through a continuous sucrose gradient. The sucrose gradi-
ents were prepared by layering over 3ml ZM sucrose, 7.5ml each of 
1.45, 1.2 and 0.9M and 4m1 of 0.6M sucrose in a 36ml polyallorner 
tube, and allowed to diffuse overnight at 4°C. The equivalent of 
approximately 50g of starting tissue was layered onto each gradient. 
The mitochondrial suspension was overlaid with 4ml of wash medium 
(diluted 1:1 with water) and centrifuged in the 55-90 vertical rotor 
at 21,000xo-i-e ve for 45 minutes. The mitochondrial band at 1.25M suc-
rose was recovered from the gradients and diluted slowly by the 
addition of 1.5 volumes of dilution buffer. The mitochondria were 
pelleted by centrifugatiori at 1000OX.9v  for 15 minutes. This 
pellet of purified mitochondria was used directly to prepare mt RNA. 
2.2.1.4 	Isolation of mitochondrial RNA 
Mitochondrial RNA was extracted by the method of Koller et al 
(1982). The mitochondrial pellet was gently resuspended in 1 - 2mls 
of RNA extraction buffer per lOOg starting material, causing the 
mitochondria to lyse. Mitochondrial nucleic acids (RNA + DNA) were 
extracted by the addition of an equal volume of phenol. The aqueous 
and phenol phases were separated by centrifugation and the phenol 
back-extracted with an equal volume of RNA extraction buffer. The 
combined aqueous phases were made 6% (w/v) with respect to PAS and 
phenol extracted twice more. The nucleic acids were precipitated 
overnight at +2°C by the addition of sodium acetate to 0.3M and 2.5 
volumes of ethanol. The precipitated nucleic acids were pelleted by 
centrifugation at 14,000xaa 	for 30 	,washed 3 times in 70% (v/v) 
ye 
ethanol and resuspended in 50-100jJl of sterile water. The yield of 
mt nucleic acid was estimated by measuring A 260 , assuming that 1 O.D. 
unit at 260nm is equivalent to 40pg/ml nucleic acid (Maniatis et al 
1982). ig of tissue generally yielded 1 - 2ig mt nucleic acid. An 
indication of the purity of the mt nucleic acid was obtained by cal-
culating the ratio A260 :A280 which was always approximately 2:1. 
2.2.1.5 	Removal of DNA from mt nucleic acid 
DNA was removed from the total nucleic acids by the method of 
Silverthorne and Ellis (1980). An equal volume of 2 x DNase buffer 
We 
was added to the mt nucleic acid and DNase (in 1 x DNase buffer) 
added to a final concentration of 20pg/ml. Digestion was allowed to 
continue on ice for 20 minutes, after which time the remaining RNA 
was made 200mM with respect to NaCl and the reaction terminated by 
phenol extraction. The aqueous phase was ethanol precipitated for 
30 	at -80°C, washed twice with 70% (v/v) ethanol, desiccated and 
resuspended in sterilewater to a final concentration of ljig/jjl. 
Solid NaCl was added to the mt RNA to a final concentration of 2.5M. 
RNA was selectively precipitated overnight at +2°C, pelleted by 
centrifugation at 12,000xa--ma x for 30 	., washed twice with 2.5M 
NaCI and twice with 70% (v/v) ethanol. The RNA was then desiccated 
and resuspended in water to a final concentration of 5ig/ul. RNA was 
stored at -20°C. 
2.2.2 	Extraction of nucleic acid from plant tissues and E. coli 
2.2.2.1 	Buffers 
Nucleic acid extraction buffer: 6% (w/v) PAS, 1% (w/v) TNS, 100mM Tris 
pH adjusted to 8.5 with 1M HEl. Prepared just before use. 
2.2.2.2 	Purification of total nucleic acid from plant tissue 
DNA and RNA was extracted from plant tissue using detergent and phenol 
(Parish and Kirby 1966). 5-day old maize shoots ( 5 - lOg) or 10 - 
20 cotyledons of Vicia faba were quick-frozen in liquid N 2 . The 
tissue was homogenised immediately in 2 volumes of nucleic acid 
extraction buffer using a pestle and mortar or an MSE homogeniser at 
half speed until a creamy consistency was obtained. The aqueous 
phase was extracted by the addition of an equal volume of phenol and 
centrifuged for 5 A 	at l3OOXve  in an MSE Mistral 4L centrifuge 
to resolve the phases. The aqueous phase was phenol extracted twice 
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more or until no more proteinaceous matter was seen at the inter-
face. Total nucleic acids were precipitated overnight at -20°C 
after the addition of sodium acetate to 0.3M and 2.5 vols of ethanol. 
The nucleic acids were collected by centrifugation 1300X.9ave  30 
mins., washed three times in 70% (v/v) ethanol and resuspended in 
sterile water. Typical yields were 2501jg/g tissue. 
2.2.2.3 	Extraction of total nucleic acids from E. coli 
A single colony of E. coli CSH 73 (see section 2.2.3.2.1) was used 
to inoculate a 5ml 'overnight' culture which was grown to station-
ary phase. This was used to inoculate 4 x lOOmi cultures and bac-
teria grown and harvested exactly as described in section 2.2.3.2.1. 
The final bacterial pellet was quick frozen in liquid N 2 and stored 
at -80°C until required. The frozen bacterial pellets were homo-
genised in lOml nucleic acid extraction buffer per q material using 
a Polytron homogeniser (Northern Media Supply Ltd., Hull) at lull 
speed for 10 seconds. Thereafter the nucleic acid extraction was 
identical to that described in section 2.2.2.2. 
2.2.3 	In vitro transcription and translation of nucleic acids in 
an E. coli S-30 extract 
2.2.3.1 	Buflers 
Buffer A: 10mM Tris, 10mM Magnesium acetate, 60mM Ammonium acetate, 
6mM 2-mercaptoethanol pH adjusted to 8.2 with glacial acetic acid. 
x 20 salts: 960mM Tris, 160mM Magnesium acetate, 200mM Potassium 
acetate, 1.26M Ammonium acetate, pH adjusted tu 8.0 with glacial 
acetic acid. 
x 20 Energy mix: 50mM ATP, 10mM GIP, 200mM PEP (Na 3salt) pH adjusted 
to 7.0 with 5M KOH 
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x 20 amino acid mix: 0.5mM of each of 19 amino acids (minus methionine) 
1 x Protein sample buffer: 60mM Tris, 2% (w/v) SDS, 10% (v/v) 
glycerol, 0.001% (w/v) bromophenol blue, 5% (v/v) 2-mercaptoethanol 
pH adjusted to 6.8 with HCl 
5 x Gel running buffer: 1.875M Tris pH adjusted to 8.9 with 1M HCl 
Acrylarnide: 30% (w/v) acrylamide, 0.2% (w/v) NN'Methyienebisacryia-
mide stored in dark at +2°C 
Polyacrylamide gel. stain: 0.2% (w/v) Coomassie Brilliant Blue R in 
40% (v/v) methanol, 7% (v/v) acetic acid 
Destain: 40% (v/v) methanol,7% (v/v) acetic acid 
Scintillant: 0.4% (w/v) Butyl-PBD in toluene 
2.2.3.2 	Preparation of E. coli 5-30 
E. coli S-30 for in vitro translation of heterologous RNA was pre-
pared essentially as described by Modollel (1971). 
2.2.3.2.1 	Growth of E. coil 	A single colony of C. coil CSH 73 
Hf'r H Li lac Li (ara-leu) (Miller 1972) was picked off an L agar 
plate and used to inoculate a Sml overnight culture. This was diluted 
into 4 x lOOml cultures which were grown overnight with shaking at 
37°C. 50m1s of the overnight cultures were transferred into each of 
8 x 2 litre flasks containing 500mls L broth. The cultures were incu-
bated with vigorous shaking until mid-log phase (A 650 0.6). Growth 
was terminated by cooling the culture on ice. Cells were harvested 
by centrifugation at 12000X9ve  for 5 minutes at 40C and washed 3 
times with Buffer A. Unless the cells were to be used immediately 
they were quick frozen and stored at -80°C. 
2.2.3.2.2 	Preparation of E. coil 5-30 extract 	C. coli cells 
(5 - 7g) were broken by grinding with twice the cell weight of 
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alumina until the mixture was homogeneous and emitted 'popping 
sounds' (Nirenberg and Matthei, 1961). The paste was extracted by 
grinding for 2 minutes in 1.5 vols of Buffer A per g cells.. 
Alumina, whole cells and debris were pelleted by centrifugation at 
20000Xve for 30 minutes. The upper 80% of the supernatant was 
removed and further clarified by centrifugation at 30000X9ave  for 
30 minutes. 
The upper 90% of clarified supernatant was transferred to a graduated 
test tube. For each ml of supernatant the following was added: 
	
100 	p1 	1M Iris acetate pH 8.2 
2.5 ,ul 	1M magnesium acetate 
14 	jul 	50 mM ATP 
2 	pl 	50mM GTP 
40 pl 200 mM PEP 
1 	pl 	Pyrtivate Kinase (2 units) 
20 	,ul 	0.5mM 19 amino acids (less methionine 
20 	jil 	0.5mM methionine 
0.8 pi 	1M DTT 
Endogenous mRNA activity was reduced by incubating the extract at 
37°C in darkness for 2 hours. The preincubated extract was then 
dialysed against several changes of Buffer A for 24 hours at 4°C, 
centrifuged at 30000Xve  for 30 mins. and 200p1 aliquots of the 
supernatant quick frozen in liquid N 2 and stored at -80°C. 
2.2.3.3 	Conditions of translation by E. coil 5-30 extract 
The conditions for translation of RNA by the E. coli S-30 extract 
were essentially as described by Bottomley and Whitfeld (1979) with 
a few modifications (Walden 1978). 
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2.2.3.3.1 	Translation of exogenous mRNA 	In vitro translation 
reactions were carried out in a final volume of 501j1 in 1.5m1 poly-
propylene tubes. RNA (0 - 40jg) was diluted to 30jJl with sterile 
double distilled water. To each incubation was added 201j1 of S-30 
reaction mix made up as follows: 
S-30 reaction mix components per incubation 
x 20 amino acids 
x 20 salts 








4 - 101u Ci 
H 2 0 	 to 20pl 
The final concentrations of the reagents in each incubation includ-
ing the contribution from the C. coIl S-30 were as follows: 
50mM Tris acetate, 10mM magnesium acetate, 75mM ammonium acetate, 
10mM potassium acetate, 10mM PEP. 0.5mM GTP. 2.5mM ATP, 0.5 unit 
Pyruvate Kinase, 0.025mM each 19 amino acids, 2mM DTT, 
methionine. The reactions were incubated at 37°C for the required 
length of time (up to 40 minutes). An estimate of 35  methionine in-
corporated into protein was made by spotting duplicate 5,ul aliquots 
of each incubation onto 1cm squares of Whatman 3MM paper which were 
washed as follows: 
 10 	wash in lOOmis 10 10' 	(w/v) 	ICA, [)°C 
 15 	wash in lOOmis 5% (w/v) 	TCA, 95°C 
 4 x 5 	4jE1s washes in lOOmis 5 00' 	(w/v) TCA, room temperature 
 15 	in lOOmis 50% (v/v) 	ethanol, 50% (v/v) diethyl ether 
 15& in lOOmis 100% ether, 	37°C 
Filters were then dried and the radioactivity estimated in 5mls of 
scintillant in an Intertechnique scintillation counter. An estimate 
of background radioactivity was made by spotting 5pl of 5-30 
"reaction mix" onto Whatman 3MM filters, which were washed as des-
cribed above. Total available cpm were estimated by counting filters 
onto which 5jl of 5-30 reaction mix had been spotted, but which had 
not been washed in TCA. 
Incorporation of 	S methionine into protein by the 5-30 was ter- 
minated by adding lml 80% (v/v) acetone, and protein precipitated by 
standing the tubes on ice for 30 mins. The precipitated protein was 
pelleted by centrifugation at 12000XaX  for 3 minutes and then dried 
under vacuum. 
2.2.3.3.2 	CouplJtranscription/translation of exogenous DNA 
The conditions for in vitro coupled transcription/translation of exo-
genous DNA were identical to those described for translation (sec-
tion 2.2.3.3.1) except 
CIP and UTP were included at a final concentration of 0.5mM each 
Each reaction (SOpl) generally contained 2.51ig of plasmid or 
viral DNA. Incubations and estimations of incorporation of 35 S 
methionine into protein were identical to those described in section 
2.2.3.3.1. 
2.2.3.4 	SDS polyacrylamide gel electrophoresis of proteins 
Polypeptides synthesised by the E. coli S-30 were analysed by elec-
trophoresis on SDS polyacrylamide slab gels (Laemmli and Favre 1973). 
Vertical gels were cast between 2 glass plates held apart by perspex 
spacers to give a gel mould 220mm long x 140mm wide x 1mm thick. 
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A 15% slab gel contained the following: 
15% (w/v) acrylamide 
0.1% (w/v) NN'Methylenebisacrylamide 
0.375M Iris Cl pH 8.9 
0.1% SDS 
0.04% (v/v) 	TEMED 
0.05% (w/v) 	Ammoniurn persuiphate 
The above gel components with the exception of TEMED and 505 were mixed 
and degassed. 	TEMED and SDS were then added and the gel poured. The 
polymerised slab gel was overlain with a 5% stacking gel containing 
the following: 
5% (w/v) acrylamide 
0.033% (w/v) NN 'Methylenebisacrylamide 
60mMTris HCl pH 6.8 
0.1% (w/v) 	SDS 
0.1% (w/v) 	TEMED 
0.04% (w/v) Ammonium persuiphate 
Sample wells (17mm long x 7.5mm wide x 1mm thick) were formed with a 
12 slot comb. 
Once the stacking gel had polymerised the bottom spacer was removed 
and the apparatus clamped to a vertical gel stand. The buffer tanks 
contained 1 x gel running buffer, the upper tank also containing 0.01% 
SDS. The precipitated proteins from the 5-30 incorporation were re-
suspended in 1 x protein sample buffer (approx. lpl  buffer per 
10,000 cpm 3 S incorporated into protein). Samples were boiled for 
2 minutes, and approximately 20pl loaded onto the gel. Electrophoresis 
was carried out overnight at 9 mA. Marker proteins were run in para-
llel tracks to provide reference molecular weights. These were: 
M. 
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Bovine Serum Albumin 	r 68,000) 
Catalase (Mr  60,000) 
Aldolase (Mr  40,000) 
Carbonic anhydrase (Mr  29,000) 
Soybean trypsin inhibitor (Mr 219000) 
Myoglobin (Mr  13,000) 
Marker proteins were visualised by staining in 200mls gel stain for 
two hours. Background stain was removed by soaking the gel in gel 
destain for at least six hours. Gels which were to be autoradio-
graphed were dried under vacuum onto Whatman 3MM paper using a slab 
gel dryer (Biowerk Basel) on high heat setting, covered with 'Saran 
wrap' (Dow) and exposed to X ray film (180mm x 240mm, Cronex) at 
room temperature for 2 - 21 days. 
2.2.4 	Gel electrophoresis of RNA and Northern blotting 
RNA electrophoresed through agarose/formaldehyde denaturing gels 
(Lehrach et al 1977) modified by Maniatis et al (1982) was blotted 
to nitrocellulose and hybridised with DNA probes by the method of 
Thomas (1980). 
2.2.4.1 	Buffers 
10 x MOPS: 0.2M MOPS, 50mM sodium acetate, 10mM EDTA pH adjusted to 
7.0 with 10M NaOH 
2.5 x FSB: 50mM MOPS, 47% (v/v) formamide, 11% (v/v) formaldehyde 
5 x FDE: O.1M EDTA pH 8.0, 30% (w/v) Ficoll type 400,000, 0.01% 
(w/v) Bromophenol blue 
100 x Denhardt's solution (Denhardt (1966): 2% (w/v) Ficoll type 
400,000, 2% (w/v) PVP, 2 00' (w/v) BSA in 3 x SSC 
	
2.2.4.2 	Electrophoresis of RN.A through agarose/formaldehyde gels 
RNA was normally fractionated by electrophoreèis through 1.3% (w/v) 
horizontal agarose gels. 1.95g of agarose was boiled with 109mls 
water for five minutes until completely dissolved. The agarose was 
cooled to 60°C then 15mls 10 x MOPS and 26m1s 40% (v/v) formaldehyde 
solution added. The gel was cast into a mould to give final dimen-. 
sions of 14mm wide x 28mm long x 5mm thick. Slots 1mm thick x 7mm 
wide and 10mm deep were formed by a 13-tooth comb. The gel bed was 
supported on 2 tanks each containing 500rnls 1 x MOPS, and electrical 
continuity provided by 3-ply 'J cloth' wicks (Chicopee Ltd., Gwent). 
Samples (maximum volume 10jl) were mixed with an equal volume of 
2.5 x [SB and the RNA denatured by heating at 60°C for 5 minutes in 
a 1.5ml polypropylene tube. The RNA was snap cooled on ice, mixed 
with 0.25 vol. of 5 x FDE and loaded immediately onto the gel.. 
Generally 5 - lOpg RNA was applied to each track. 
Electrophoresis was at 40mA for 15 minutes to load the samples, after 
which the buffer in the wells was topped up and the whole gel covered 
with plastic film. 
Electrophoresis was continued at lOmA for 15 - 20 hours until the 
bromophenol blue had migrated to the end of the gel. 
2.2.4.3 	Transfer of RNA to nitrocel.lulose 
Immediately after eloctrophoresis the gel was placed on a wick made 
from three thicknesses of Whatman 311M paper soaked in 20 x SSC. 
The wick was suspended on a glass plate between two tanks each con-
taining 200ml.s 20 x SSC. Care was taken to extrude all air bubbles 
between gel and wick. A piece of nitrocellulose (0.45pm pore size, 
Schleicher and Schuell) was cut to fit the gel, wetted with water and 
equilibrated with 20 x SSC for 10 minutes before transfer. The 
nitr'ocellulose was gently lowered onto the gel, again ensuring no 
air bubbles were trapped. The top edge of the nitrocellulose was 
precisely aligned with the gel slots to allow accurate sizing of 
transcripts. The nitrocellulose was covered with six sheets of 
Whatman 3MM paper soaked in 20 x SSC, followed by a four-inch 
stack of tWyp-All' (Bowater Scott) absorbent tissue. A 1kg weight 
was applied to the blot and the apparatus covered in plastic film. 
Transfer was allowed to proceed for at least 18 hours. The nitro-
cellulose was then dried under a 250 W infra red lamp and baked in 
a vacuum oven for 2 hours at 80°C. Prior to use filters were 
stored at +2°C between 2 sheets of Whatman 3MM paper and sealed in 
polythene. 
2.2.4.4 	Staining and photography of gels 
RNA was visualised by the method of Maniatis et al (1982). Since 
staining of RNA prior to transfer to nitrocellulose reduces the 
efficiency of transfer by up to 50% (Thomas 1980), RNA size markers 
were run in parallel tracks to the RNA which was to be blotted, and 
these excised and stained separately. Formaldehyde was removed by 
gently shaking the gel for one hour in several volumes of distilled 
water with two changes. RNA was renatured by shaking for one hour in 
two changes of 0.1M ammonium acetate, and stained by further agita-
tion in 0.1M ammonium acetate, 5jJg/ml ethidium bromide for 30 mins. 
Background fluorescence was removed by destaining the gel for 40 
minutes in several volumes of 0.1M ammonium acetate. 
Gels were illuminated with short wave U.V. light (254nm, Ultraviolet 
Products Inc.) and photographed through a Kodak Wratten gelatin 
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filter No.234 on Kodak 2415 technical pan film. 
2.2.4.5 	Hybridisation of labelled DNA probes to RNA immobilised on 
nitrocellulose 
All prehybridisations and hybridisations were carried out in sealed 
polythene bags or borosilicate glass scintillation vials in an 
incubator fitted with a rocking table (Laboratory Thermal. Equipment). 
2.2.4.5.1 	Prehybridisation 	Filters were prehybridised (Denhardt 
1966) for at least one hour and up to 18 hours at 42°C in 50% (v/v) 
formamide, 5 x Denhardt's solution, 0.1% (w/v) SDS, 250pg/ml sheared 
and denatured herring sperm DNA, 5 x SSC with 2 - 3 mIs buffer/cm 2 
paper. 
2.2.4.5.2 	Hybridisation 	Hybridisation was carried out in the 
same buffer used for prehybridisation to which was added approximately 
ljjq of thermally denatured probe. (Heated for 10 minutes at 100°C 
and snap cooled on ice). Filters were hybridised for a minimum of 
18 hours. Optimal signal to noise ratios were obtained when the 
probe used was 32 P labelled to a specific activity of greater than 
2.2 x 106  dpm/pg DNA (section 2.2.10). 
2.2.4.5.3 	Washing of filters 	Filters were washed for 2 x 10 
minutes with 250mls of 2 x SSC, 0.1% (w/v) SDS, followed by 2 x 
60 minutes with 250m1s 0.1 x SSC, 0.1% (w/v) SDS irrespective of 
filter size. 
2.2.4.6 	Autoradiography and fluorography 
labelled DNA probes hybridising to RNA immobilised on nitro-
cellulose were visualised by autoradiography or fluorography using 
X-ray film. 
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The nitrocellulose blots were mounted on card, covered with 
'Saran wrap' and exposed to DuPont Cronex X-ray film in a metal 
casette. Exposure was at room temperature for 16 hours. Weaker 
signals were detected by fluorography; the X-ray film was pre- 
flashed (Laskey and Mills 1975) and exposed to X-ray film in a metal 
casette fitted with 'LightningPlus' intensifying screens (Dupont) at 
-60°C (Randerath 1970) for up to fourteen days. 
2.2.5 	Si Nuclease mapping of mitochondrial RNAs 
The technique described by Berk and Sharp (1977) was used with some 
minor modifications (Weaver and Weissmann 1979), for accurately 
mapping transcripts to DNA. 
2.2.5.1 	Buffers 
Formamide: recrystallised three times at 0°C (Robberson et al 1977) 
Hybridisation buffer (Casey and Davidson 1977): 80% (v/v) formamide, 
0.4M NaCl, 40mM PIPES (Na 2 salt), 1mM EDTA pH adjusted to 6.4 with 
1M NaOH. All components except formamide mixed and autoclaved. 
Formamide added just before use. 
Si buffer (Vogt 1973): 0.28M NaCl, 0.05M sodium acetate, 4.5mM ZnSO 4 
pH adjusted to 4.6 with glacial acetic acid 
Si stop buffer: 4.OM ammonium acetate, 0.1M [DIA 
2.2.5.2 	Preparation of labelled DNA 
Cloned fragments of DNA were labelled by one of two methods. Puri-
fied restriction fragments were labelled at their 5' ends using T4 
polynucleotide kinase (section 2.2.10.3). DNA fragments cloned in 
M13 (where the sequence of the strand to be labelled was comple- 
mentary to the RNA) were labelled by second strand synthesis 
(section 2.2.10.4) except that 16pl of template DNA (estimated to be 
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lpg) was annealed with 2l primer, and 30 - 40 pCi a 32 PdCTP was 
included in each incubation 
2.2.5.3 	Hybridisation conditions 
DNA (10 - 500ng, at least 10,000 dpm) was co-precipitated together 
with 15 - 25jg mt RNA at -80°C for 30 minutes in a 1.5m1 polypropy-
lene tube, by adding 1 /10 volume 3M sodium acetate pH 5.5 and 3 
volumes of ethanol. DNA and RNA were pelleted at 12,000xci ax for 10 
-'m 
minutes at 4°C, washed twice with 70% (v/v) ethanol, desiccated and 
resuspended in 30pl hybridisation buffer. DNA and RNA were dissolved 
in the hybridisation buffer by repeated pipetting with a micro-
pipette. Solubilisation of nucleic acid (which took up to one hour) 
was checked by monitoring Cerenkov counts in solution. The tubes 
were then sealed with Parafilm (American Can Co.) and submerged 
in a water bath at 82°C for 15 minutes to ensure strand separation of 
duplex DNA and denaturation of RNA secondary structure. Hybridi-
sation was initiated by quickly transferring the tubes to water 
baths at the required temperature. The temperature of hybridisation 
was selected so as to be 5 - 10°C higher than the melting tempera-
ture (Tm) of the mt DNA. In high concentrations of formamideCasey 
and Davidson (1977) have shown that the 
Tm  of DNA:DNA duplex is 
5 - 10°C lower than the T of the corresponding DNA:RNA. 	The T m 	 m 
of the DNA was calculated from the formula 
T m  °C = 81.5 + 0.41(GC) - 0.72F + 16.6log 10M 
(Marmur and Doty 1962, McConaughy et al 1969, Howley et al 1979, 
Casey and Davidson 1977) where 
(GC) is the % GC content of the restriction fragment or clone used 
F is the % formamide in the hybridisation buffer 
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M is the monovalent cation concentration in the hybridisation buffer. 
Tubes were incubated submerged in the water bath(s) for 3 hours. 
Hybridisations were terminated by adding 300pI ice cold Si buffer 
containing 100 - 400 U/nil Si nuclease to each tube, keeping as much 
of the tube submerged as possible. (One unit of Si nuclease 
ipg of denatured DNA in 1 minute at 37 0C). The samples were incubated 
with Si nuclease at 37°C for 20 minutes, after which time SOpl of Si 
stop buffer was added, and the whole phenol extracted. DNA:RNA Si 
protected hybrids were precipitated with 20pg yeast tRNA at -20°C 
overnight by the addition of 2.5 volumes of ethanol. Precipitated 
DNA:RNA hybrids were pelleted by centrifugation at 12,000xax  for 
30 minutes, washed once with 70% (v/v) ethanol and desiccated. The 
samples were then resuspended in 3pl TE80 and 2jJi of Sanger dye 
(section 2.2.12.1) was added to each tube. 
2.2.5.4 	[lectrophoresis of DNA:RNA hybrids 
Si nuclease protected fragments were electrophoresed on 8M Urea/00' 
(w/v) polyacrylamide gels exactly as described in section 2.2.12.4. 
Size markers were provided either by labelled restriction fragments 
[ØX174 plus Bsp Ri 1342, 1078, 871, 606, 310, 276, 271, 234, 194, 118 
and 72bp (N. de Haan pers. commun)] or by a well characterised M13 
clone sequenced by the Sanger chain termination method (section 
2.2.12.3). In the latter case it was necessary to know the distance 
in bp from the 3' end of the primer to the cleavage point of the 
restriction site used for cloning, in addition to the length of 
insert sequence. Gels were run for 2½ hours (for Si protected 
fragments up to iOobp) or up to 6 hours for fragments up to 300bp. 
Gels were fixed, dried and autoradiographed for 1 - 3 days as described 
in section 2.2.12.4. 
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2.2.6 	Preparation of plasmid DNA 
Piasrnid DNA was purified by the detergent lysis method [GodsorT and 
Vapneck (1973) modified by Hu and Messing (1982)] 
2.2.6.1 	Buffers 
Ampicillin 100mg/mi in water 
Sucrose mix: 25% (w/v) sucrose, 50mM Tris, 40mM EDTA pH adjusted to 
8.1 with 1M HC1 
Triton mix: 0.1% (w/v) Triton X-100, 50mM Iris, 62.5mM EDTA pH 
adjusted to 8.1 with 1M HCl 
2.2.6.2 	Bacterial host strain 
E. coli strain HB101 (F, hsd 520, (rB, m 8 ), recA13, ara-14, 
proA2, lacYl, galK2, rpsL20(Sm'), xyl-5 mtl-1, supE44, A) 
(Bolivar and Backman 1979) was used for the propagation of plasmid 
clones. 
2.2.6.3 	Plasmid vectors 
Three piasmid vectors containing mt DNA clones were used. pBR322 
(Bolivar et al 1977) was used as a vector for the cytochrome c oxi-
dase subunit II gene (Fox and Leaver 1981). Apocytochrome b clones 
were maintained in pBR328 (Soberon et al 1980), and pAT153 (Twigg 
and Sherratt 19EjO) was the vector for cytochrome c oxidase subunit I 
clones. All recombinant clones were Ampicillin resistant. 
2.2.6.4 	Method 
A 'stab' culture of HB101 containing the desired plasmid was streaked 
on a plate of L agar containing Ampicillin at lOOjig/ml to generate 
single colonies. A single bacterial colony was used to inoculate a 
5ml 'overnight' culture containing 2 jig/mI Ampicillin. This culture 
was diluted into 500m1s of L broth, (containing 0.2% (w/v) glucose, 
20pg/m]. Ampicillin) and grown in a 2½ litre flask at 37°C with 
shaking in a New Brunswick orbital shaker (250rpm) until A 590 1.0. 
Solid chlorarnphenicOl was added to 150pg/ml and the cultures incubated 
for a further 18 hours to allow plasmid amplification (Clewell 1972). 
Cells were harvested by centrifugation at 4000Xave for 15 minutes 
in a Sorvall GSA rotor and resuspended in 6mls sucrose mix. To this 
was added lml 10mg/mi Jysozyme freshly dissolved in sucrose mix, and 
imi. 0.5M EDTA pH 8.1. Digestion was carried out for 5 minutes on ice. 
The cells were lysed by the addition of 13mls Triton mix and allowed 
to stand for a further 15 minutes on ice. At this stage the mixLure 
became very viscous. The lysate was clarified by centrifugation at 
48,000x- av e o 	
for 45 minutes at 4°C. The supernatant was decanted 
into a measuring cylinder and 0.95g CsCl and 0.1ml 5mg/mi ethidium 
bromide added per ml of supernatant. The CsC1 solution was trans-
ferred to 2 x 13.5m1 polyallomer tubes and centrifuged to equili-
brium for 48 - 65 hours at 100,000xo 	at 18°C (Radloff et al 1967). - ave 
After centrifugation the tubes were viewed under U.V. light (366nm, 
Ultraviolet Products Inc.) and the lower fluorescent band containing 
supercoiled plasmid DNA withdrawn with a 19G needle attached to a 
sterile syringe. Ethidium bromide was removed by repeated extrac-
tion with an equal volume of 1:1 butan-1-ol:iso propanol equilibrated 
with CsC1-saturated TE80 until no more colour remained in the aqueous 
phase. The DNA was then dialysed for 24 hours at 4°C against several 
changes of TE80, ethanol precipitated, washed twice with 70% (v/v) 
ethanol, and resuspended in lOOp.l of H 20. Estimates of the yield of 
plasmid DNA were made by measuring A 260 as described in section 2.2.1.4. 
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2.2.7 	Diaestion of DNA with restriction endonucleases 
2.2.7.1 	Buffers 
10 x low salt: 10mM Tris, 10mM MgC1
21 
 1mM DTT pH adjusted to 7.5 
with 1M HCl 
10 x medium salt: 50mM NaCl, 10mM Tris, 10mM MgC1 21 
 1mM OTT pH 
adjusted to 7.5 with 1M HCl 
10 x high salt: 100mM NaCl, 50mM Tris, 10mM MgCJ. 2 , 1mM DTT pH adjus-
ted to 7.5 with 1M HCl 
Medium to High salt conversion buffer: 0.5 M NaCl, 0.4M Tris pH 
adjusted to 7.4 with 1M HCI. 1il added tolOplreaction volume 
2.2.7.2 	Reaction conditions 
1 - 5jg DNA was generally digested with the appropriate restriction 
endonuclease in a final volume of 20p1. Larger amounis of DNA were 
digested in proportionately increased volumes. Reactions contained 
0.1 volume of the appropriate 10 x buffer (section 2.2.7.1 and Table 
2.1) and 5 - 20 U of restriction enzyme. Plasmid DNA and gel-purified 
restriction fragments were usually digested to completion with a 5-
fold excess of enzyme over the manufacturers' recommendations. 
Reactions were incubated at 37°C for 1 - 2 hours except TaqI which 
was incubated at 65°C. jqI digestions were overlain with a thin 
layer of paraffin to prevent evaporation. Where two restriction 
endonucleases with different buffer requirements were used to digest 
DNA, the enzyme with the lower salt requirement was used first. 
After 1 hour the second enzyme was added with 2jil of conversion buffer 
per 20pl reaction volume. Enzymes were inactivated by heating at 
68°C for 10 minutes followed by snap cooling on ice, except jqI 
which was phenol extracted and the DNA precipitated with ethanol. 
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Table 2.1 	Buffer requirements of restriction endonucleases used 






2.2.8 	Gel electrophoresis of DNA 
2.2.8.1 	Buffers 
20 x TAE: 0.8M Tris, 0.4M sodium acetate, 0.02M EDTA, pH adjusted to 
8.2 with glacial acetic acid 
Agarose gel loading buffer: 80mM EDTA, 60% (w/v) sucrose, 0.3% (w/v) 
Bromophenol blue stored at +2°C 
Polyacrylamide gel loading buffer: 25% (v/v) glycerol, 0.3% (w/v) 
Brornophenol blue, 0.3% (w/v) xylene cyanol FF in 10 x TBE stored 
at room temperature. 
2.2.8.2 	1garose gel electrophoresis of DNA 
1100' (w/v) agarose gels were used to separate DNA fragments of > 1Kb 
and up to 10Kb. 0.8% (w/v) gels were run where DNA fragments > 2.5Kb 
and of similar size needed to be separated. The appropriate amount 
of agarose (Miles for routine separations, Sea Kern for preparative 
isolations) was mixed with 150mls 1 x TAE to give the desired final 
agarose concentration. The agarose was boiled for ten minutes and 
then cast in the same mould as described for electrophoresis of 
RNA (section 2.2.4.2). DNA sample volumes were adjusted to 20jJl, 
mixed with 5il of loading buffer and applied to the gel. Electro- 
phoresis was at 7.5V/cm until the Bromophenol blue had migrated 
into the gel. The voltage was then reduced to 1.4V/cm and electro-
phoresis continued overnight, until the dye had migrated to within 
5cm of the end of the gel. Plastic film was placed over the gel to 
prevent dehydration during electrophoresis. 
2.2.8.3 	Submerged agarose mini-gels 
Submerged agarose mini-gels provided a rapid means of analysing 
small quantities of DNA, most frequently to assess the progress of 
a restriction enzyme digest and also to quantify yields of DNA. 
1% (w/v) agarose gels in 1 x TBE were cast in moulds to give final 
dimensions of 100mm long x 69mm wide x 3mm deep. A miniature comb 
was used to form sample wells with dimensions5mm wide x 5mm deep x 
1mm thick. The gel was submergaiin 30mls 1 x TBE. Sample volumes 
were adjusted to 8pl with water, mixed with 2pl loading buffer and 
applied to the gel (up to 1,ug per track). Electrophoresis was at 
50mA for 45 minutes or until the dye had migrated to the end of the 
gel. 
2.2.8.4 	Polyacrylamide gel electrophoresis of DNA 
Polyacrylamide gels were used to separate and prepare DNA fragments 
of < 1Kb (Maniatis et al 1975). 
Vertical gels were cast between two glass plates held apart by 
perspex spacers as described in section 2.2.3.4. A 6% polyacryla-
mide gel contained the following: 
5.8% (w/v) acrylamide 	 0.05% (w/v) TEMED 
0.2 00' (w/v) NN'Methylenebisacrylamide 	5% (v/v) alycerol 
0.07 00' (w/v) ammonium persulphate 	 1 x TBE 
1•I•] 
A stock solution of 30% (w/v) acrylamide (29:1 acrylamide: NN'Methylene 
bisacrylamide) was stored in the dark at +2°C. Ammonium persulphate 
was freshlyF. . The above gel components with the exception of 
TEMED were mixed and degassed. TEMED was then added and the gel 
poured. Sample wells were formed with a 12 slot comb (final sample 
well dimensions 7.5mm wide x 17mm deep x 1mm thick). Immediately 
the gel had polymerised the comb was removed and the wells rinsed 
thoroughly with 1 x IBE. The bottom spacer was removed and the gel 
clamped to a vertical electrophoresis stand with SOOmls 1 x TBE in 
each tank. Gels were pre-run for 60 minutes before loading to 
remove TEMED and AMPS from the gel. 
DNA samples (up to 5ig/track, generally 201j1) were mixed with 0.25 
volume of loading buffer and applied to the gel using a Hamilton 
syringe. Electrophoresis was at 1OV/cm for 2½ hours. 
2.2.8.5 	Staining of gels 
DNA was visualised in agarose and polyacrylamide gels by staining 
with ethidium bromide (Sharp et al 1973). Gels were immersed in 
water containing 0.5jjg/ml ethidium bromide for 30 minutes and de-
stained in water for 15 minutes, then photographed as described in 
section 2.2.4.4. 
2.2.9 	Recovery of DNA from gels 
2.2.9.1 	Buffers 
Maxam and Gilbert gel elution buffer (for polyacrylamide gels): 
0.5M ammonium acetate, 10mM Tris, 1mM EDTA pH adjusted to 7.5 
with 1M HCl 




2.2.9.2 	Recovery of DNA fragments from polyacrylamide gels 
DNA restriction fragments were recovered from polyacrylamide gels 
by the method of Maxam and Gilbert (1977). DNA fragments were 
separated in 6% (w/v) polyacrylamide gels as described in section 
2.2.8.4, stained with ethidium bromide and viewed on a U.V. trans-
illuminator (302nm, Ultra Violet Products Inc.). The desired DNA 
band was excised from the gel using a sterile scalpel and crushed to 
a fine pulp with 0.5ml gel elution buffer in a 1.5m1 polypropylene 
tube using a Teflon plunger. An additional 0.5ml elution buffer was 
added and the DNA eluted overnight at room temperature. DNA frag-
ments which were to be 5' labelled with kinase (section 2.2.10.3) 
were eluted in the same volume of TEBO at 4°C overnight. The eluted 
DNA was separated from the acrylamide by centrifuging at 1,000x.9eve 
for 5 minutes through a glass wool plug in a 5m1 syringe. The glass 
wool pad was washed with 0.5m1 elution buffer/TE80. The DNA was pre-
cipitated at -80°C for 30 minutes with 3 volumes of ethanol and 
pelleted by centrifugation at 18,000x9ave  for 25 minutes. The result-
ing DNA pellet was resuspended in a small volume of TE80. 
2.2.9.3 	Electroelution of DNA fragments from agarose gels 
DNA fragments were recovered from agarose gels by electroelution 
(McDonell et al 1977). DNA fragments were separated by electro-
phoresis through agarose gels as described in section 2.2.8.2, 
stained with ethidiurn bromide and viewed on a transilluminator 
(302nm, Ultra Violet Products Inc.). The DNA band to be eluted 
was excised from the gel in as small a volume of agarose as possible 
using a sterile scalpel. The gel slice was placed in a piece of 
et al 
sterile pre-treated (ManiatisA1982) dialysis tubing together with 
approximately 2mls of electroelution buffer. The tubing was sealed 
at both ends and immersed in a tank containing electroelution buf-
fer. A potential difference was passed across the tank (10V/cm) with 
the gel slice perpendicular to the current. The progress of electra-
elution was followed by viewing the gel slice on a U.V. transillumin-
ator until no more ethidium bromidefluorescence was seen in the gel 
slice. When electroelution was complete the polarity of the current 
was reversed for 10 minutes. The buffer containing eluted DNA was 
removed from the dialysis tubing and extracted with an equal volume 
of phenol. The phenol was back extracted with lml electroelution 
buffer. 
Ethidium bromide was removed by washing with an equal volume of n-
butanol. DNA was precipitated at -80°C for 30 minutes by the addi-
tion of sodium acetate to 0.3M and 3 volumes of ethanol. The pre-
cipitated DNA was pell.eted at 18000X.9a 	for 30 minutes, washed 
twice with 30% (v/v) ethanol and resuspended in a small volume of 
TE80. 
The DNA prepared by this method was found to contain impurities 
which inhibited restriction enzymes. Thus DNA electroeluted from 
agarose çels was routinely dialysed for 24 hours at +4°C against 
several changes of TE80, and reprecipitated. 
2.2.10 	32 P labelling of DNA 
2.2.10.1 	Buffers 
1 x Nick translation buffer: 52.5mM Tris, 5.25mM MgCl 2 , 20pM each 
d(A G C and T)TP, 35mM 2-mercaptoethanol pH adjusted to 7.5 with 
1M HCl 
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DNase dilution buffer: 22.5mM Tris, 45mM (NH 4 ) 2 SO4 , 0.045% (w/v) 
BSA, 4.5mM 2-mercaptoethanol, 50% (v/v)glycerol pH adjusted to 7.5 
with 1M HCl 
tKlenow' buffer: 5.25mM Tris, 0.1mM EDTA, 75pM each d(A C T)TP pH 
adjusted to 8.0 with 1M HCl 
10 x CIP buffer: 0.5M Tris, 10mM MgC1 2 , 1mM ZnC1 2 , 10mM spermidine 
pH adjusted to 9.0 with 1M HCl 
10 x Kinase buffer: 0.5M Tris, 	0.1M MgC1 2 , 50mM DII, 	1mM EDTA, 
1mM spermidine pH adjusted to 7.6 with 1M HC1 
	
2.2.10.2 	Nick Translation of DNA 
Plasrnid DNA and DNA restriction fragments were 32 P labelled by nick 
translation (Rigby et 21 1977). Nick translation reactions were 
carried out in a final volume of 33ji1. The following reagents were 
mixed: 
DNA in TE80 ljig 
32 d CTP 10 - 3 0 iCi 
2 x 10 5mg/ml DNase I 
(freshly diluted in DNase I diluting buffer) 2pl 
DNA pol I 1 unit 
1 x nick translation buffer to 331i1 
The reaction was incubated for 90 minutes at 15°C and terminated by 
the addition of 50pl TE80. Labelled DNA was separated from unincor-
porated nucleotides by centrifugation through a small colunin of 
Sephadex C50 (section 2.2.10.5). 
2.2.10.3 	Labelling 5' entof DNA restriction fragments 
Protruding termini of DNA restriction fragments which had been 
dephosphorylated were 32 P labelled using 14 polynucleotide kinase 
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and V 32 P d ATP. 
2.2.10.3.1 	Dephosphorylation of DNA 	Terminal 5' phosphates were 
removed from gel purified DNA restriction fragments using CIP 
(Chaconas and van de Sande 1980). The following reagents were mixed: 
DNA 	 500ng 
10 x CIP buffer 	2p1  
CIP 	 2 units 
H 2 0 	 to 20pl 
The reaction was incubated at 37°C for 1 hour and then at 68°C 
for 30 minutes to inactivate the enzyme. CIP was removed by phenol 
extraction. The phenol was back extracted with TE80, the aqueous 
phases pooled and DNA precipitated overnight at -20°C by adding 
0.1 volume 3M sodium acetate and 3 volumes of ethanol. Precipitated 
DNA was pelleted by centrifugation at 12000X9ave for 10 minutes, 
washed once with 70% (v/v) ethanol, desiccated and dissolved in 
TE80. 
2.2.10.3.2 	Labelling 5' ends with T4 polynucleotide kinase 
The dephosphorylated restriction fragments were labelled at their 5' 
termini using V 32P d ATP and T4 polynucleotide kinase (Maxam and 
Gilbert 1980). The following reagents were mixed: 
dephosphorylated DNA 500ng 
lOx Kinase buffer 
32 d ATP 50 pCi 
14 polynucleotide kinase 10 units 
H 
2 
 0 to 20pl 
The reaction was incubated at 37°C for 30 minutes and then stopped 
by the addition of the following: 
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751J 1  100mM Tris Cl, 1mM EDIA pH 7.0 
10% (w/v) SDS 
2.5jl 500mM EDTA pH 7.5 
The labelled DNA was separated from unincorporated V 32P d ATP 
as described in section 2.2.10.5. 	The efficiency of labelling of 
5' ends of DNA restriction fragments was generally Ca. 0.5%. 
2.2.10.4 	Second strand synthesis of M13 bacteriophage DNA 
Single stranded DNA clones in bacteriophage M13 were labelled to 
high specific activity by a modification of the sequencing reaction 
(section 2.2.12 and Sanger et al 1977) using DNA polymerase I 
(Klenow fragment). 8il of template DNA was annealed with lpl of 
sequencing primer as described in section 2.2.12.2. 9pl of Klenow 
buffer and ljil of a 32 P d CTP (lOjiCi) were then added, followed 
by 2.5 units Kienow freshly diluted to lop], in 10mM Tris HC1 pH 
8.0. After incubating for 1 hour at 30°C the reaction was termina-
ted by the addition of 50jii TEBO. Incorporated nucleotides were 
separated from free label as described in section 2.2.10.5. 
2.2.10.5 	Separation of 32 P-abelled DNA from unincorporated 
nucleotides 
32 P-labelled fragments of DNA were separated from unincorporated 
nucleotides by centrifugation through a small column of Sephadex 650. 
A lml plastic hypodermic syringe was plugged with glass wool and 
filled with sterile Sephadex 650 (fine) pre-swollen and equilibrated 
with TE80. The column was dried by centrilugation at 500xa 	for -a v e 
1½ minutes which reduced the packed volume to 0.7ml. The DNA mix-
ture was applied to the top of the column and recentrifuged at 
?50x-a ye  for 2 minutes. The eluate containing labelled DNA was 
collected in a 1.5m1 polypropylene tube; unincorporated label remained 
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on the column. 
2.2.10.6 	Determination of the efficiency of DNA labelling 
The efficiency of 
32  P iNTP incorporation into DNA was estimated by 
measuring Cerenkov light emitted by 32P in aqueous solution 
(Marshall 1952). Counts per minute were converted to disintegrations 
per minute using a ciibration curve constructed for the Inter-
technique SL-3000 scintillation counter. This curve was construc- 
32 	 . 32 ted using P of known activity (data not shown) since 1JJC]. 	P = 
2.2 x 106  dpm. Decay of the isotope was accounted for by the 
correction factor 2-t/t½ where t = days after activity date, 
ti = 14.31 days (half life of 32 P) 
2.2.11 Cloning DNA restriction fragments into bacteriophage 1113 
2.2.11.1 Introduction 
DNA fragments were cloned into replicative form (lW) bacteriophage 
M13 vector mp8 (Messing and Vieira 1982). These clones were used to 
prepare single stranded template DNA (Messing et al 1977) from which 
high specific activity 32P labelled single stranded DNA probes were 
generated (section 2.2.10.4). Single stranded M13 probes were hybri-
dised with RNA for Northern blotting and Si nuclease mapping when the 
DNA insert was oriented such that the strand labelled with Kienow 
was complementary to the RNA. 
2.2.11.2 Buffers and indicator solutions 
LTB: 20mM Tris, 20mM NaCl, 1mM [DTA pH adjusted to 7.9 with iM HCI 
PEG-NaCl: 2.5M NaCl, 20% (w/v) poiyethyleneglycol 6000 
TEr 1)80: 10mM Tris, 0.1mM EDTA pH adjusted to 8.0 with 1M HC1 
IPTO: 14mg/mi IPTG in dimethyl formamide, stored at -20°C 
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X-gal: 20mg/mi X-gal in dimethyl formamide, stored at -20°C. 
10 x ligase: 0.66M Tris, 0.1M MgCl 2 , 0.1M DTT, 1mM ATP, 10nM [DTA pH 
adjusted to 7.2 with 1M HC1. Stored at -20°C. 
Lysis buffer: 25mM Tris, 10mM EDTA, 50mM glucose, 0.2% (w/v) lysozyme 
pH adjusted to 8.0 with 1M HC1. Freshly prepared. 
Alkaline-SDS: 0.2M NaOH, 1 0,0' (w/v) SDS 
High Salt solution: 3M sodium acetate, JOpg/ml yeast tRNA, pH adjus-
ted to 4.8 with glacial acetic acid. 
2.2.11.3 	Restriction and ligation 
DNA restriction fragments were ligated (Tanaka and Weisbium 1975) 
into compatable restriction sites in the mp8 polycional linker, for 
example MspI and jjI fragments were cloned into the AccI site. 
Approximately 150ng mp8 1W DNA was prepared for 1igation by restric-
tion to completion with the appropriate enzyme. The extent of diges-
tion was measured by electrophoresis of the sample on a mini-gel 
(section 2.2.8.3); digestion was assessed to be complete when closed 
circular and supercoiled forms had disappeared. The enzyme was 
inactivated by heat treatment. The DNA to be cloned was prepared in 
a similar manner. 
150ng M13 1W DNA was ligated with sufficient foreign DNA such that 
ligation mixes contained a 3:1 molar excess of foreign DNA to vector. 
Ligation mixes contained the following in a final volume of lOpl: 
2 - 3jl DNA (vector and foreign DNA) 
ipi 10 x ligase 
2 units T4 DNA liqase 
Ligations were allowed to proceed for 16 hours at +4°C. 
76 
77 
2.2.11.4 	Bacterial host and preparation of competent cells 
E. coil JM101 [( A lac pro), thi, supE, F'traD36, proAB, lac 1q, 
z 	M15, Messing 19791 was used as a host for M13 clones. Competent 
JM101 were prepared by the standard CaCl 2 procedure (Mandel and 
Higa 1970, modified by Dagert and Ehrlich 1979). A stab culture was 
streaked onto a minimal agar plate and a single colony used to in-. 
oculate a 5m1 culture which was grown overnight until stationary. 
One ml of this was used to inoculate lOOmI of L broth which was 
grown until A600 0.2 - 0.4. The culture was decanted into ice cold 
24ml McCartney bottles, chilled on ice for 15 minutes and cells 
harvested by centrifugation at 1,300xq 
ave 
 for 7½ minutes. The cells 
— 
were resuspended in ½ volume of ice cold 50mM CaC1 2 , and after 20 
minutes at 0°C pelleted by centrifugation as above. The pellets were 
resuspended in 	volume ice cold 50mM CaC1 2 . Competent cells were10 
stored at 4°C and transformed (Cohen et al 1973) within four days of 
preparation. 10p1 of 10_1  or 10_2  dilutions of ligation mix (section 
2.2.11.3) were mixed with 200pl of competent cells in a 6m1 metal 
capped glass tube. After 40 minutes on ice, transformation was 
effected by a heat pulse at 42°C for 2 minutes. The transformed 
E.coli were mixed with 200, il plating cells (E. coli JM101 station-
ary culture diluted 1:100 in L broth and grown at 37°C with shaking 
for two hours), 30jjl X-gal and 20jJl 1PIG. The mixture was plated 
onto minimal medium plates with 3.5ml BBL top agar at 45°C, and incu-
bated overnight at 37°C. 
2.2.11.5 	Plaque purification 
Recombinant (white) plaques well separated from other plaques were 
used to initiate a lml mini-prep (section 2.2.11.6). Where plaques 
were not well separated, plaques were purified further. The desired 
plaque was picked off into SOpl of LIB and diluted 10 6  fold with 
LTB. 200pl of the diluted 'phage were plated onto minimal plates 
with plating cells etc.as  described in section 2.2.11.4. Purification 
of plaques in this way gave plaques well separated from others, and 
these were used to initiate rnini-preps. 
2.2.11.6 	Single stranded (ss) M13 DNA purification 
Single stranded M13 DNA was prepared by the method of Yamamoto et 
al (1970) and Schrieir and Cortese (1979). 
One ml of an overnight culture of JM101 was diluted into 25ml L 
broth and grown with shaking at 37°C until A 650 0.2. One ml au-
quots of the culture were dispensed into 5ml 'bijoux' bottles and 
infected with M13 'phage picked off from a well separated plaque 
using a sterile tooth pick. The cultures were incubated for 4½ 
hours at 37°C with vigorous shaking (Hermann et al 1980) at 300 rpm 
in a New Brunswick orbital shaker. The cultures were transferred to 
1.5ml polypropylene tubes and bacteria pelleted by centrifugation at 
12,000x9 	for 5 minutes. The bacterial pellet was used to prepare 
RF DNA (section 2.2.11.7). The supernatants were transferred to 
clean tubes and 200jjl PEG-NaCl added to each. After 30 minutes at 
room temperature, the 'phage particles were pelleted at 12000Xax 
for 5 minutes. The supernatant was carefully removed (traces of 
PEG 6000 were found to interfere with sequencing and second strand 
synthesis reactions) and the 'phage particles resuspended in 100pl 
J: 	•) 80. DNA was extracted with SOjjl of phenol, the aqueous phase 
adjusted to 0.3M sodium acetate pH 5.5 and precipitated with 2.5 
volumes of ethanol at -80°C for 15 minutes. DNA was pelleted at 
12,000x 	
X 
for 10 minutes, washed with lml of ethanol at -20°C 
and recentrifuged for 5 minutes. The pellet was desiccated, 
iI 
dissolved in 50pl T(0.1)E80 and reprecipitated as described above. 
The final pellet was resuspended in 501jl T(0.1)E80 and stored at 
-20°C. 
2.2.11.7 	Preparation of RE DNA 
RE M13 DNA was purified from the bacterial pellet (section 2.2.11.6) 
by the method of Birnboim and Lkily (1979). The bacterial pellet was 
resuspended in 100p1 of lysis solution and incubated on ice for 30 
minutes. The bacterial cells were lysed by incubation on ice for 5 
minutes with 200j.iI alkaline SDS. Lhromosomal DNA was selectively 
precipitated by adding 150jJ1 high salt solution and standing for one 
hour at 0°C. The lysate was cleared by centrilugation at 12000X.9max 
for 5 minutes. 400pl of supernatant was removed, transferred to a 
fresh tube and DNA precipitated by the addition of imi ethanol and 
standing at -20°C for 30 minutes. The DNA was pelleted by centri-
fugation at 12,000X 	for 10 minutes, resuspended in lOQpl 0.1M 
Na acetate pH 6.0 and reprecipitated. The final pellet was desi-
ccated and dissolved in lOjJl TE80. 
2.2.12 	Sequencing of DNA with chain terminators 
Single stranded M13 clones were sequenced by the chain terminating 
method (Sanger et al 1977 and Sanger et al 1980). 
2.2.12.1 	Buffers 
Primer: 2.5pg/ml synthetic pentadecamer primer (New England Biolabs). 
Stored at -20°C in 50p1 aliquots 
10 x anneal buffer: 100mM Tris, 100mM MgC1 2 pH adjusted to 8.0 with 
1M HCI 
Chase buffer: 0.5mM d(AGC and T)TP. Stored at -20°C 
WK 
Sanger dye: 10mM EDTA, 0.3% (w/v) Bromophenol. blue, 03% (w/v) 
xylene cyanol [F, 98% (v/v) formamide. Stored at +4°C 
Termination mixes: Between batches there was some variation in the 
concentrations of dd NTP's required to give optimum results. 
The concentrations generally used were: 
Termination A: 5.2mM Tris, 0.104mM EDTA, 5.43jiM dATP, 109yM dGTP 
109FM dTTP, 75pM ddATP, pH adjusted to 8.0 with 1M HCl 
G: 5.2mM Tris, 0.104mM EDTA, 109pM dATP, 5.43)JM dGTP 
109pM dTTP, 250$JM ddGTP, pH adjusted to 8.0 with 1M HCl 
C: 5.2mM Tris, 0.104mM EDTA, 74pM dATP, 74)JM dGTP 
74jiM dTTP, 15yM ddCTP, pH adjusted to 8.0 with 1M HCl 
T: 5.2mM Tris, 0.104mM EDTA, 109uM dATP, 109pM dGTP, 
5.43pM dTTP, 250).JM ddTIP, pH adjusted to 8.0 with 1.OM HCl 
Termination mixes were stored at -80°C in 10p1  aliquots. The dCTP 
concentration in each mix was brought to 1.16pM by the addition of 
the a 32 P dCTP in the sequencing reaction. 
2.2.12.2 	Annealing 
8ji1 of ss template DNA (section 2.2.11.6) was mixed with ijii 10 x 
anneal buffer and ljJl sequencing primer in a 1.5m1 polypropy1ene 
tube. The tube was sealed, heated in an oven at 60°C for 45 minutes 
and cooled to room temperature over 15 minutes. The condensate was 
collected by brief centrifugation at 12000Xa• 
2.2.12.3 	The sequencing reaction 
2pl of annealed template was placed on the side of 4 x 1.5m1 poly-
propylene tubes. 2l of DNA polymerase I Klenow fragment (freshly 
diluted to 0.25 Unit/pl in 10mM Tris Cl pH 8.0) was added to the side 
of each tube. One 10,ul aliquot of each termination mix per 4 clones 
NX 
was thawed and mixed with 5jCi a 3211 dLTF. 2i1 of jsojpe/terruiiia -
tion mix was then added to the side of the tube and the reagents 
mixed by brief centrifugation at 12000Xax• After 15 minutes at 
room temperature, 2pl of chase buffer was added to the side of the 
tubes which were briefly centrifuged to mix. The chase was aLlowed 
to proceed for 15 minutes after which 4)J1 of Sarijer dye was added to 
each tube. The tube tops were pierced and the samples boiled for 5 
minutes to denature the DNA, followed by snap cooling on ice. 
2.2.12.4 	Sequencing gels 
Products of the sequencing reaction were separated on 6% (w/v) poly-
acrylamide/8M urea gels. Gels were cast between two glass plates 
held apart by 'plasticard' spacers to give a gel mould 400mm long x 
300mm wide x 0.3mm thick. Gels contained the following: 
5.7% (w/v) acrylamide 
0.3% (w/v) NN 'MethylenebisacrYlamide 
8M Urea 
0.06% (w/v) ammonium persuiphate 
0.08% (v/v) TEMED 
1 x TBE 
A stock solution of 30 00' (w/v) acrylamide was stored at -20°C. 
10% (w/v) AMPS was freshly prepared. 
The gel components with the exception of TEMED were mixed and warmed 
to dissolve the urea. TEMED was then added and the gel poured. Sam-
ple wells were formed with a 45 slot comb made of 0.3mm plasticard. 
Gels were allowed to polymerise for at least one hour before electro-
phoresis. The apparatus was clamped to a vertical electrophoresis 
stand with 500mls 1 x TBE in each tank. Immediately before loading 
the sample wells were washed with 1 x TBE to remove urea and unpoly-
merised acrylamide. Normally approximately ¼ of each sample was 
loaded. Electrophoresis was generally at 50 - 65 W (power limiting), 
which maintained the gel temperature sufficiently high to prevent 
renaturation of DNA strands. Electrophoresis was continued until the 
Bromophenol blue was just at the bottom of the gel (usually 2 - 2½ 
hours) - the dye migrates just ahead of the HindIII site in mpB. 
Following electrophoresis the gel was fixed by immersion in 10% 
(v/v) acetic acid for five minutes, rinsed with distilled H 2  0 and 
blotted dry. The gel was then transferred to Whatman 3MM paper, 
covered with 'Saran' wrap (Dow) and dried under vacuum on a Biowerk 
slab gel dryer (low heat, 2 hours). The dried gel was exposed to 
Fuji X-ray film (300 x 400mm)overnight at room temperature. 
CHAPTER 3 
	DEVELOPMENT OF AN IN VITRO SYSTEM FOR THE 
TRANSCRIPTION AND TRANSLATION OF PLANT 
MITOCHONDRIAL DNA 
3.1 	INTRODUCTION 
The first sections of this chapter describe attempts to develop a 
coupled in vitro transcription/translation system for the indentifica-
tion and characterisation of protein coding genes in mt DNA. The 
reasons why these attempts using an E. coil system failed to respond 
to added plant rnitochondrial nucleic acid together with possible ways 
of overcoming these problems are discussed in subsequent sections. 
3.1.1 	The potential useof in vitro systems for transcription and 
translation of DNA 
The development of cell free systems capable of transcribing and 
translating DNA and translating RNA with fidelity has permitted the 
identification of the protein products of many genes. This approach 
has been particularly successfui in the identification of protein 
coding genes in chloroplast genomes (reviewed in Whitfeld and 
Bottomley, 1983). Thus a DNA restriction fragment from chloroplast 
DNA (in a plasmid or as a linear DNA fragment) can be used as a 
template in the in vitro system, and the resulting 14C or 
labelled polypeptides (if any) identified by coelectrophoresis with 
purified proteins, or immunoprecipitation with antibodies directed 
against specific chloroplast proteins. This approach has been used to 
identify and map several chioroplast genes from a variety of plants in-
cluding the large subunit of RL3P carboxylase in spinach (Bottomley 
and Whitfeid 1979), maize (Bedbrook et al 1979) and ChiamydomonaS 
(Malnoe et al 1979); and the atpB, atpE and atpH genes in wheat 
(which encode subunits J3 and 	of CF 1 	 0 
and subunit 9 of CF ATP 
synthase respectively (Howe et al 1982, Hcwe et 81 1982a). 
In contrast, protein coding genes in plant mitochondria have to date 
been identified by a number of less direct approaches. In yeast, 
identification of mt genes has been expedited by the large number 
of mitochondrial mutants available. Only two non lethal mutations 
in plant mt DNA ie.sensitivity to T toxin/cytoplasmic male sterility 
(Leaver and Gray 1982) and non-chromosomal stripe (K. Newton, pers. 
comrnun.) have been identified. Also the plant mitochondrial genome 
is very large and is therefore not amenable to complete sequence 
analysis unlike mammalian mt DNA. The most direct available approach 
for the identification of plant mt protein coding genes has been by 
cross hybridisation under 'heterologous' conditions between plant mt 
DNA fragments and specific mitochondrial gene probes from yeast and 
mammals (see for example Fox and Leaver 1981, Dawson et al 1984, 
Isaac et al 1984). Final identification then requires DNA sequence 
analysis. The fact that these genes are actively expressed and are 
not silent copies is then confirmed by Northern blotting of mt 
flNA (Chapter 4, this thesis). This approach is clearly limited 
a) by the availability of DNA probes with sufficient homology to 
cross hybridise (for example animal and yeast probes for F 0 ATPase 
subunit 9 consistently fail to hybridise to plant mt DNA (A. Dawson 
pers. commun.) even though the polypeptide is synthesised by isolated 
plant mitochondria (Hack and Leaver 1984), and b) by the possibility 
that plant mitochondria have a much higher coding capacity than 
other mt genomes and could therefore contain genes for which DNA 
probes of rnitochondrialorigin are not available. Indeed, maize mt 
DNA has recently been shown to encode the F 1 ATPase a subunit which 
is not found in mammalian and fungal mt genomes (A. Brennicke pers. 
cornmun.). 
Another indirect approach used for the identification of protein 
coding genes has been to characterise the polypeptides which are syn-
thesised by isolated mitochondria and are, therefore, by extrapola-
tion, encoded in the mt DNA (see for example Hack and Leaver 1983, 
Hack and Leaver 1984).(1\ tVLL A56Uf(pbjjv tifla.t CNAS Alt v* tflfOI'Th 
ibthoA) 
The availability of an efficient in vitro transcription/translation 
system for mt DNA would therefore considerably improve our understand-
ing of the organisation, information content and expression of the 
plant mt genome. Thus a restriction fragment of mt DNA could be added 
to a cell free transcription/translation system, and the resulting poly-
peptides (if any) analysed and compared with purified mt proteins (for 
example by coelectrophoresis, immunoprecipitation, partial proteolysis 
etc.). Using restriction enzymes selectively to digest the template 
DNA, the exact location of the gene on that fragment, and its polarity 
(ie direction of transcription) can be determined. Hybridisation of 
the template DNA to a library of mt DNA clones would allow the location 
of that gene to be determined in the mt genome. A cell free trans-
lation system for mt RNA would also permit studies on the expression 
of mt genes, for example by measuring the levels of translatable mt 
mRNAs during plant development (Chapter 5). 
3.1.2 	Previous attempts at cell free transcription/translation of 
mitochondrial nucleic acids 
Since rat liver mt DNA was shown to stimulate protein synthetic 
activity in an E. coli (Modollel 1971) cell free system (Rabussay 
etal 1969) there have been many attempts to obtain full length 
translation products from yeast, mouse and rat mt DNA or RNA in a 
variety of heterologous cell free systems, most of which have been 
unsuccessful (see for example Chuang and Weissbach 1933, Chang et 
al 1975, Haibreich et al 1975). Yeast mt RNA fails to stimulate 
protein synthetic activity in cell free systems derived from reticulo-
cytes and Xenopus oocytes (Moorman et al 1977), whilst only short 
length polypeptides (Mr  <12,000) are produced in wheat germ 
(Roberts and Paterson 1973) and E. coli systems using mt DNA 
(Moorman and Griveil 1976, Scragy and Thomas 1975, Padmanaban et al 
1975) or mt RNA (Moorman et a]. 1978) as templates. These low molec-
ular weight polypeptides have been shown to contain the antigenic 
determinants for cytochrome oxidase subunits I and II (Moorman et 
al 1976). Up to 27% of the products synthesised in an E. coli cell 
free system under the direction of an 11 - 13S fraction of mt RNA 
are reactive with antisera raised against yeast cytochrome oxidase 
subunits I and II. Thus while the system was incapable of yielding 
full length translation products, it did 	that these polypep- 
tides were encoded in the yeast mt genome (Moorman et al 1978), 
since as yet there is no convincing evidence for import of RNA into 
mitochondria. Rat liver mt DNA stimulates an E. coil cell free 
system eight fold over endogenous activity, but again directs the 
synthesis of low molecular weight poiypeptides which show no resem-
blance to the polypeptides synthesised by isolated mitochondria 
(Chuang and Weissbach 1973, Chang et a]. 1975). 
The failure of mt RNA from a variety of organisms to be correctly 
translated in heterologous cell free systems is partly attributable 
to the altered genetic code used in mitochondria. In this context 
the most significant change is the use of UGA in human and yeast 
Ltkej 
mitochondrial genes to specify tryptophan rather than translation-
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termination (Barrell et al AFox 1979, Macmo and Tzagoloff 1979). 
Thus, translation of yeast and mammalian mt RNAs in heterol.ogous cell 
free systems will be terminated prematurely whenever an 'in frame' 
UGA trpcodon is encountered. In an attempt to overcome this problem, 
partially purified mRNA for yeast COIl was translated in a wheat germ 
system supplemented with a suppressor tRNA tRNA 	from 
Schizosaccharomyces pombe. The inclusion of the suppressor tRNA led 
to the appearance of a high molecular weight poi.ypeptide (Mr  31,000: 
wild type is Mr  29,000) among the translation products, which was 
immunoprecipitated with COIl antibodies. RNA from two well defined 
mutants at this locus directed the synthesis of characteristically 
shortened polypeptides (De Ronde et al 1980). Since the mRNA for 
COIl contains five UGA codons (Fox 1979) translation and suppression 
must have proceeded extremely efficiently. 
In spite of the promise of such a modified system for the translation 
of mt RNAs, so far only yeast COIl mRNAs have proved translatable in 
these systems with fidelity (L. Grivell pers. commun.). Failure of 
the system to translate other yeast mt mRNAs could be due to a variety 
of reasons, for example: 
Many yeast mRNAs have long 5' leaders which may not be crossed 
by bacterial ribosomes. For example, F 0 ATPase 9 mRNA has a leader 
of 500 nucleotides (Hensgens et al 1979). Exceptionally, the yeast 
COIl niRNA does not have a long leader. 
Lack of ribosome binding sites which could be recognised by 
E. coli ribosomes. This possibility is discussed later in section 3.3. 
3). Several yeast mt genes contain introns, and hence only processed 
and spliced Lranscripts will yield an authentic protein product. 
Two laboratories have described the reconstitution of homologous 
systems capable of using yeast mt RNA to direct the synthesis of a 
spectrum of polypeptides very similar to those synthesised in vivo 
and by isolated mitochondria (Kroon 1963, Pfisterer and Butow 1981). 
Such homologous systems are clearly less easy to prepare in any 
quantity, and also suffer the disadvantage that endogenous messages 
are difficult to eliminate. Several laboratories have since tried to 
repeat the reconstitution of these in vitro mt protein synthetic 
systems, but have so far failed (L. Grivell pers. commun.). 
3.2 DEVELOPMENT OF A CELL FREE SYSTEM CAPABLE OF TRANSCRIBING AND 
TRANSLATING HIGHER PLANT MITOCHONDRIAL NUCLEIC ACIDS 
3.2.1 	Rationale and aims 
The work described in this chapter was initiated against the back-
ground of repeated failure to develop a convenient in vitro system 
capable of translating yeast and mammalian mt RNAs with fidelity. 
There were several reasons to believe, however, that some of the 
problems encountered with the in vitro transcription/translation and 
translation of yeast and mammalian mt nucleic acids may not apply to 
plants. These were: 
1) 	While the genetic code in plant mitochondria differs from both 
the universal code and that used by yeast and mammalian mitochondria 
[e.g CGG (norrnilly Arg) appears to encode Trp; Fox and Leaver 1981, 
A. Dawson, P. Isaac pers. commun.], there is no evidence that UGA 
(normally stop) encodes tryptophan. Indeed, UGA is thought to act as 
a stop codon in the Oenothera COB gene (A. Brennicke pers. commun.). 
Of the five protein coding genes (COI, COIl, COB, F, ATPase A and 
subunit F ATPase subunit 8) sequenced from a variety of plants, no 
in-frame UGA codons have been found. Hence there should be no major 
barrier preventing the in vitro translation of plant mt RNAs. 
Substitution of Arginine for Tryptophan in plant mt polypeptides by 
a heterologous cell free system which recognises CGG as an Arginine 
codon could lead to shifts in their apparent molecular weight but 
presumably would not significantly affect immunoprecipitation of 
the whole product. 
2) 	Most plant mt genes sequenced to date do not contain introns 
whereas the homologous genes in yeast do. Although virus SV40 
genes containing introns have been identified by cell free trans-
cription/translation and immunoprecipitation (Roberts et al 1935) 
coupled cell free transcription/translation systems have been more 
successful in the identification of genes lacking introns. Of course 
split genes can be identified by hybrid release translation (Ricciardi 
et al 1979) or hybrid arrested translation (Paterson et al 1977), 
although this approach is less direct and does not provide such 
detailed information about the restriction map position and the 
direction of transcription of the gene. 
3.2.2 	Approach 
The approach taken to the development of a cell free transcription/ 
translation system for higher pJant mt nucleic acids was as follows: 
Choose an existing standard cell free system for development 
and modification 
Ascertain the cell free system chosen could transcribe and 
translate heterologous eg viral DNA and translate heterologous eg 
chioroplast mRNA with fidelity 
Obtain and optimise translation of mt RNA into full length 
polypeptides. These polypeptides would be identified a) by 
iminunoprecipitation with heterologous (for example yeast) or 
homologous antibodies or b) where no antibodies exist, coelectro-
phoresis, partial proteolysis and two dimensional peptide mapping in 
comparison with purified polypeptides. 
Optimise the system for linked transcription/translation of 
restriction fragments of plant mt DNA. 
Examine the translation products synthesised under the direction 
of mt RNA in a different translation system (for example wheat germ 
or reticulocyte lysate), since it has been shown, for example, that 
some chioroplast RNAs are not translated in an E. coli cell free sys-
tem but are translated in a reticulocyte system (Coen 1982). 
The E. coli cell free system (Modollel 1971) was chosen for initial 
studies for the following reasons: 
There is circumstantial evidence that plant mitochondria 
(together with yeast and human mitochondria) initiate polypeptide 
chains with N-formyl rnethionine, in common with prokaryotes but not 
eukaryotes (Anderson et al 1977). Phaseolus vulgaris mitochondria 
contain three methionylLRNAs, two of which can be formylated by a 
mitochondrial or E. coli transformylase enzyme (Guillemaut and Weil 
1975). Furthermore, Gray and Spencer (1983) have shown by sequence 
analysis that wheat mt DNA encodes a eubacteria-like initiator methio-
nine tRNA t . 
Higher plant mitochondrial ribosomes, althouqh larger than 
bacterial ribosomes (78S cf 70S, Leaver and Harmey 1973) are sensitive 
to the same major groups of antibiotics which inhibit eubacterial pro-
tein synthesis, for example chloramphenicol (Clark-Walker and Linnane 
1976), snd are insensitive to inhibitors of cytosolic ribosomes, for 
example cycloheximide (Lamb et a]. 1968, Borst and Grivel]. 1971). 
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3.2.3 	Translation of heterologous RNA by the E. coli cell free 
system 
An essential factor in the development of a cell free system to 
translate mt RNA was to demonstrate that the in vitro system could 
translate added exogenous non-mitochondrial mRNA with fidelity. 
Cucumber cotyledon total RNA from five day old light grown seedlings 
was used as a template. The conditions for incorporation were those 
which had previously been determined to be optimal for the incor-
peration of 35S methionine into protein/acid insoluble material under 
the direction of chloroplast RNA (Walden and Leaver 1981). 
Table 3.1 shows the response of the E. coil in vitro system to 
added cucumber RNA, incubated under the conditions described in 
Chapter 2. 
Table 3.1 	Stimulation by added cucumber total cellular RNA of 
protein synthesis in an E. coil in vitro system 
Sample 
Incorporation into 









± cucumber total RNA (15jg) 
	
209,000 
(from five day old, light 
gruwn plants) 
Mixtures were incubated for 20 minutes at 37°C. 
The translation products synthesised in the E. coli cell free system 
under the direction of cucumber total RNA were analysed by eiectro- 
phoresis through a 15100' (w/v) polyacrylamide/0.1% (w/v) SOS gel. The 
molecular weights of the translation products were estimated using a 
calibration curve of log 10 molecular weight of standard protein markers 
against mobility (Weber and Osborn 1969). Figure 3.1 shows the trans-
lation products of cucumber RNA-stimulated protein synthesis. Discrete 
polypeptides in the range M r 70,000 - <10,000 are synthesised. Par-
ticularly prominent is a polypeptide with a molecular weight of approx-
imately 55,000. It is assumed that this represents the chloroplast 
e. 
genome-encoded (Whitfeld and Bottom1' 1983) large subunit of ribulose 
1.5 bisphosphate carboxylase previously shown to be translated with 
fidelity in an E. coli cell free system and to have a molecular weight 
of ca 55,000 (Hartley et al 1975, Bottomley et al 1976). Of course 
criteria other than molecular weight are required to unequivocally 
identify an in vitro synthesised polypeptide since such polypeptides 
often differ in molecular weight to their in vivo counterparts (Coen 
1982, Langridge 1981). However, for the purpose of the experiments 
described here, electrophoretic mobility of the translation products 
was the main criterion by which the fidelity of translation was asses-
sed. 
If the Mr  55,000 polypeptide is the RuBPCase large subunit, then 
the finding that it is a major product of the E. coli system when 
programmed with cucumber total cellular RNA is in agreement with the 
work of Bottomley et al (1976) and of Walden and Leaver (1981) who 
found that the spectrum of polypeptides synthesised in an E. coli in 
vitro system under the direction of chloroplast RNA and total spinach 
RNA were identical. In particular the mRNA encoding the large subunit 
of RuBPCase from many plants seems to be a good template for transla-
tion in the E. coli system (Bottomley and Whitfeld 1979) and is 
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Fig. 3.1 	Translation products of the E. coil cell free translation 
system directed by cucumber total cellular RNA 
The E. coIl cell free translation system was incubated with 15pg 
RNA isolated from five day old light grown cucumber plants. The 
polypeptides synthesised in the cell free system were analysed by 
electrophoresis through a 15% (w/v) polyacrylamide/0.1% (w/v) SDS 
gel followed by autoradiography. 
3.1 b 	Autoradiogram of 35S-labelled polypeptides synthesised by 
the E. coil cell free system in the absence of added RNA ie 
endogenous mRNA control. 
3.1 a 	Autoradiogram of 35S-labelied polypeptides synthesised by 
the E. coli cell free system under the direction of 15pg 
cucumber RNA. 
Equal proportions of the 5-30 were loaded on each track. 
Molecular weight markers were standard proteins of known molecular 
weight which were visualised by staining with Coomassie brilliant blue. 
Fig. 3.2 	Translation products of the E. coil cell free transcription/ 
translation directed by bacteriophage T7 DNA 
The E. coli cell free translation system was incubated with 2.5pg 17 
DNA. The polypeptides synthesised in the cell free system were ana-
lysed by electrophoresis through a 15% (w/v) polyacrylamide/0.1% (w/v) 
SOS gel followed by autoradiography. 
3.2 a 	Autoradicgram of 35S-labelled polypeptides synthesised by 
the E. coil cell free system in the absence of added DNA ie 
endogenous DNA/mRNA control. 
3.2 b 	Autoradiogram of 35  S-labelled polypeptides synthesised by 
the E. coil cell free system under the direction of 2.5g 
17 DNA. 
Equal proportions of the S-30 were loaded on each track. 
Molecular weight markers were visualised as described for Fig. 3.1. 
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frequently the most prominent product from such translation systems. 
3.2.4 	Transcription/translation of heterologous DNA in the E. coil 
cell free system 
In order to determine whether the E. coil system could correctly 
transcribe and translate exogenous DNA, bacteriophage T7 DNA, which 
encodes about 42 well characterised proteins (Studier and Rosenberg 
1981) was used to programme the system. The E. coil translation system 
(section 3.2. 3 ) was modified for coupled transcription/translation 
as described in materials and methods, using essentially the conditions 
previously optimised for the transcription/translation of chioroplast 
DNA (Bottomley and Whitfeld 1979). 
The bacteriophage T7 genome comprises a double-stranded linear DNA 
of 40 Kb (Dubin et al 1970). The polypeptides it encodes are 
classed (classes I, II and III) according to the temporal order of 
their expression in the host, E. coil [see review by Studier (1972)]. 
Upon infection, class I genes are transcribed by the host RNA polymer-
ase. Class II and III genes are then transcribed by a 'phage encoded 
RNA polymerase (itself a class I gene). Normally transcription by 
the host RNA polymerase beyond the class I gene region is prevented 
by a transcription termination signal. However, termination is not 
completely effective and class II and III genes can be transcribed by 
the host RNA polymerase. 
Bacteriophage 17 DNA (2.5pg) was found to stimulate F Si methionine 
incorporation into acid insoluble material/protein in an E. coil 
system by approximately fifteen-fold (Table 3.2). 
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Table 3.2 	Stimulation by added bacteriophage 17 DNA of protein 
synthesis in an E. coli in vitro system 
Sample 
Incorporation into 	fold stimulation 
protein (cpm) per over endogenous 
incubation 	 activity 
Zero time 	 35,000 	 - 
Endogenous RNA (no additional 	63,000 
UTP or CTP) 
Endogenous DNA (+ UTP and CTP) 91,000 
+ T7 DNA (2.5)Jg) 	 1 9 402,760 
Mixtures were incubated for 20 minutes at 37°C. 
Figure 3.2. shows the translation products synthesised by the E. coli 
cell free system under the direction of T7 DNA. The polypeptides 
were characterised on the basis of molecular weight only, as discussed 
in section 3.2.3 . 	Particularly prominent are the gene products 
presumed to be Kiiiase (Mr  41,000), ligase (Mr  41,000), head assembly 
protein (Mr  40,000)and lysozyme (Mr  16,000) (Studier and Rosenberg 
1981). The first three co-migrate as a major radioactive band. No 
polypeptides are detected in the absence of added DNA. These results 
confirm those of Moorman et al (1976) who found that 17 class II 
genes (for example lysozyme) and class III qenes are transcribed and 
translated in an E. coli cell free system. A simple check on the 
fidelity of transcription and translation could be made by 
programming the system with 'phage 17 DNA isolated from an amber 
mutant which should direct the synthesis of shortened polypeptide(s) 
in the absence of a suppressor tRNA. 
It appears, therefore, that the E. coli system is able to transcribe 
and translate exogenous DNAs and translate heterologous RNAs with 
fidelity when the products are analysed on the basis of molecular 
weight only. 
3.2.5 	Optimising the E. coli system for the translation of 
mt RNA 
Following the demonstration that the E. coli in vitro system could 
transcribe and translate heterologous DNAs and RNAs with fidelity, 
attempts were made to optimise the system for the translation of plant 
mt RNA. The in vitro system was initially optimised for translation 
rather than coupled transcription/translation for two reasons: 
1) 	At the time these experiments were initiated the only cloned 
and sequenced protein coding plant mitochondrial gene was that encoding 
CDII from maize (Fox and Leaver 1981). This gene is interrupted by 
a 794 bp intron. Thus if the DNA was correctly transcribed by E. coil 
RNA polymerase, the resulting RNP would contain unspliced intron 
sequences. The intron itself contains a TGA in frame with the 
first exon, and so translation of the unspliced RNA would lead to 
synthesis of a shortened CDII polypeptide containing 33 intron-
encoded amino acids fused with the exon 1 encoded amino acids. Since 
the only available antibodies for CDII were those from yeast (shown 
to cross react with the maize CDII polypeptide), it was not known if 
such heterologous antibodies would cross react with such a shortened 
CDII polypeptide (although they almost certainly would). 
2) 	The major barrier to the in vitro expression of yeast and 
mammalian mt genes appears to be translation rather than transcription 
especially because of the occurrence of 'in-frame' UGA codons specify-
ing tryptophan in mitochondria but 'stop' in E. coil (De Ronde et al 
1980, Moorman et al 1976). Therefore, if plant mt RNA can be repro-
ducibly translated in vitro and with fidelity, in theory it should 
be relatively easy to couple the system for both transcription and 
translation. 
The maize mt RNA used in the following experiments was isolated using 
the detergent NDS (Chapter 4, section 4.2.2.1) and thus contained low 
levels of DNA (Chapter 4, section 4.2.2.1). Mt nucleic acids isolated 
in this way were not purified further so the bulk of the nucleic acid 
added was ribosomal and transfer RNA. 
3.2.5.1 	Effect of maize mt RNA concentration on incorporation of 
L-methionine in the E. coli cell free system 
To investigate the response of the E. coli cell free system [essen-
tially as optimised for the translation of chloroplast RNA (Bottom-
ley and Whitfeld 1979, Walden and Leaver 1981)]the system was 
primed with increasing amounts of maize mt RNA. Figure 3.3 shows 
that the E. coli cell free system is very rapidly saturated by mt 
RNA. Thus addition of more than 5,jjg mt RNA per incubation does not 
lead to additional incorporation of 35S-methionine into protein. 
It is possible that the mt RNA preparation contained some contaminant 
that inhibited translation by E. coli ribosomes. This possibility 
could have been investigated by mixing for example chloroplast and 
mitochondrial RNAs, and determining the level of translation achieved 
compared to chloroplast RNA mixed with an equivalent amount non-
translatable RNA (eq chloroplast rRNA). Subsequent investigations 
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Fig. 3.3 	Response of the E. coli S30 to maize mt RNA 
Increasing amounts of maize mt RNA (0 - 30pg) were used to pro-
gramire the E. coli in vitro translation system. Incorporation 
of 355 methionine into protein/acid insoluble material was 
estimated by spotting duplicate 5il aliquots of the reaction 
mixture onto squares of Whatman 3MM paper and estimating radio-
activity as described in Chapter 2. 
Fig. 3.4 	Translation products of the E. coli cell free trans- 
lation system directed by maize mt RNA 
The E. coli cell free system was incubated with 5ug maize mt 
RNA. The polypeptides synthesised in the cell free system 
were analysed by electrophoresis through a 15% (w/v) polyacryla-
rnide/0.1% (w/v) SDS gel followed by autoradiography. 
3.4 a Autoradiogram of 35S labelled polypeptides synthesised by 
the E. roll system in the absence of added RNA le 
endogenous RNA control. 
3.4 b Autoradiogram of 35S labelled polypeptides synthesised by 
the E. coli cell free system under the direction of 5ig 
mt RNA. 















(A. Liddell pers. commun.) have confirmed that the E. coli system is 
indeed saturated with 5 - lOjjg RNA/501i1 incubation. Mt RNA (5g) 
stimulates 35S methionine incorporation into protein approximately 
four-fold over the endogenous control activity. Fig. 3.4 shows the 
35S-labelled translation products synthesised under the direction of 
5pg maize mt RNA. Although the endogenous RNA control track is fainter 
it is clear that mt RNA does not direct the synthesis of any novel 
polypeptides compared to the endogenous RNA when analysed by auto-
radiography. It is likely therefore that novel polypeptides, if any, 
are present at such a low level that they could only be detected by 
immunoprecipitation. 
3.2.5.2 	Effect of [Mg 2 ] and [K] on translation of mt RNA in the 
E. coli cell free system 
Initial translation experiments with mt RNA were carried out under the 
conditions optimised for the in vitro translation of chloroplast RNA 
(Walden and Leaver 1981). Since the concentrations of Mg 
2+ and 
K can have a significant effect on both the quantity and the quality 
of polypeptides synthesised in the E. coli cell free system 
(Bottomley 1982), the effect of altering their concentration between 
7.5 and 15mM on the in vitro translation of mt RNA was investigated. 
The optima for Mg 
2+  and K+  in terms of maximal incorporation of 
methionine into protein were determined to be ca 11mM and 10mM 
respectively. However it is important to note that endogenous 
activity was not measured over the range of K
+ 	2~ 
and Mg 	concen- 
trations examined. This factor could be important if mt RNA is 
having a 'sparing' effect on endogenous E. coli RNA (see below and 
Chuang and Weissbach 1973). Even at the optimal Mgand Kconcentra-
tions, however, incorporation of 35S methionine into protein is 




It is clear from these very preliminary experiments that translation 
of mt RNA and transcription/translation of mt DNA will not be achieved 
in a conventional cell free system with minor modifications. The 
major problem in these experiments has been the low level of stimula-
tion effected by the addition of mt RNA, and the resulting compara-
tively high level of endogenous translation activity in the system. 
This hampers the detection of novel polypeptides synthesised (if 
any) under the direction of mt RNA. It is possible that the addition 
of mt RNA in some way protects the endogenous E. coli RNA. Hence the 
stimulation of activity seen when mt RNA is added to the system may 
simply be due to translation of endogenous RNA at a greater rate. 
One way to examine this would be to look at the ratios of two labelled 
amino acids incorporated in the presence and absence of mt RNA. Thus 
for example the E. coli cell free system could be incubated with two 
amino acids, one labelled with 
14  C and the other with 
3H. Determina-
tion of the 14C: 3 H ratios in the polypeptides synthesised (a) in the 
absence and (b) in the presence of mt RNA would determine whether mt RNA 
was indeed 'sparing' the endogenous RNA. 
Since it is now thought that plant mt mRNAs do not contain in-frame 
TGA codons, it is surprising that the E. coli system shows so little 
response to added plant mt RNA. This, coupled with the fact that only 
one yeast mt mRNA has been translated with fidelity in a cell free 
system suggests that some even more fundamental barrier to trans-
lation exists. 
Specificity of translation initiation in bacteria is thought to 
involve base pairing of a sequence between three and nine nucleotides 
long situated between three and eleven nucleotides from the AUG 
initiation codon to a complementary sequence near the 3' terminus of 
the 16S rRNA (Shine and Dalgarno 1974, Steitz and Jakes 1975). This 
oligonucleotide sequence is now known as the Shine and Dalgarno 
sequence. 
Analysis of sequences at the 3' ends of the wheat mt 185 (Spencer et 
al 1984) and maize mt 185 (Chao et al 1983) rRNAs has shown that while 
the overall sequence of the 185 rRNA is highly homologous to the 
E. coli 165 rRNA sequence, part of the Shine and Dalgarno sequence 
(5' CACCUCCU 3') is replaced by a novel sequence 5' UGAAUCCU 3' in 
both wheat and maize mitochondria (post transcription processing 
removes part of this sequence which is therefore either 5' UGAAUCC 3' 
or 5' UGAAUC 3'). Analysis of known plant mt genes has revealed that 
in most cases a sequence occurs approximately 15 to 20 nucleotides 
5' of the AUG codon which shows 3/4 or 4/4 complementarity with the 
higher plant-specific sequence (5' UGAA 3') in the mt rRNA Shine and 
Dalgarno region. In most cases additional homology to the remainder 
of the sequence occurs (Dawson et al 1984). The functional signifi-
cance of these sequences, if any, in the initiation of translation 
of plant mt mRNAs remains to be established, for example by ribosome 
protection experiments (Ravetch et al 1977). 
If this sequence does have functional signilicance in the formation 
of a translation/initiation complex in higher plant mitochondria the 
low stimulation of incorporation by mt RNA in the E. coli cell free 
system is not unexpected. E. coli ribosomes would not bind so 
efficiently to the corresponding sequence in the plant mitochondrial 
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mRNA. The importance of E. coli like ribosome binding sites in 
translation of heterologous mRNAs by the E. coli cell free system is 
not fully understood. Some chloroplast mRNAs eq LS RuBPCase from 
spinach (Zurawksi et al 1981), pea (Lurawski et al 1983) and maize 
(McIntosh et al 1980) have eubacterial-like Shine and Dalgarno 
sequences 5' of the AUG initiation codon. However, no such sequences 
capable of base pairing with the E. coli 165 rRNA are found 5' to the 
genes encoding ptpB in spinach (Zurawski et al 1982) or pea (Zurawski 
etal 1983) and yet these mRNAs are translated in an E. coli cell 
free system, although at somewhat lower levels than LS RuBPCase 
(Whitfeld and Bottomley 1983). Thus the high efficiency with which 
the mRNA for LSRuBPCase is translated by the E. coli cell free system 
may be attributable to the presence of a sequence that promotes 
translation initiation. 
It is possible that once a suitable initiation complex had formed with 
plant mt mRNAs, translation could proceed normally in an E. coli cell 
free system, in view of the seemingly eubacterial fashion of protein 
synthesis in plant mitochondria. Hence an E. coli cell free system 
supplemented with plant mt ribosomes might be capable of in vitro 
translation of plant mt mRNAs. 
The lack of success in the development of a cell free system capable 
of translating mt RNAs (let alone transcribing and translating mt DNA) 
has greatly hindered identification of the genes encoding the 20 - 50 
polypeptides synthesised by isolated mitochondria. Whether supplemen-
tation of an E. coli cell free system with mitochondrial ribosomes 
and other components will overcome this problem, or whether some even 
more fundamental barrier exists to the translation of mt RNAs in 
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CHAPTER 4 	CHARACTERISAIION OF THE TRANSCRIPTS OF THE MAIZE 
MITOCHONDRIAL GENOME 
4.1 	INTRODUCTION 
This chapter describes the characteriSation of the transcripts of the 
maize mt genome, particularly those of the genes encoding cytochrome 
oxidase subunits I & II (CDI and COIl respectively) apocytochrome b 
(CUB) and F 1 ATPase a subunit. The first sections of this chapter 
deal with the optimisation of techniques for studying mt gene expres-
sion in maize. The results of these analyses are presented and dis- 
cussed in subsequent sections. 
4.1.1 	Aims and rationale 
Until this work was initiated, the main emphasis in the study of the 
plant mt genome had been to identify, isolate and sequence mitochon-
drial genes (Fox and Leaver 1981, Dawson et al 1984, Isaac et al 
1984, Hiesel and Brennicke 1983, Dale et al 1984). Apart from the 
identification and sequencing of rRNAs (Leaver and Harmey 1973, 
Pring and Thornbury 1975, Spencer et al 1981) transcription of the 
plant mt genome had barely been investigated. The aims of the work 
presented in this chapter were as follows: 
1) 	To demonstrate that the protein coding genes identified in mt 
DNA by sequence analysis are actively expressed. In the absence of 
a coupled transcription/translation system for mt DNA (Chapter 3) 
the best means to identify active mt genes is by nucleotide sequen-
cing and transcript analysis. It is important to show that genes 
tentatively identified by sequence analysis are actively expressed, 
since there are examples of mt genomes harbouring silent copies of 
genes (van den Boogaart et a]. 1982, Scazzocchio etal 1983). 
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2) 	A full understanding of the expression of the plant mt genome 
requires that the transcripts of each gene are characterised in 
detail including, for example: their length in relation to the 
protein coding sequence, identification of polycistronic messages, 
identification of promoter sequences and associated control regions 
and the elucidation of processing pathways of primary transcripts. 
For these reasons detailed transcript analysis of four mt protein 
coding genes (COT, COil, COB,b. subunit ATPase) was undertaken. 
These would represent the first plant mitochondrial protein encoding 
RNAs to be unequivocally identified and characterised in detail, thus 
making a significant contribution to our understanding of the expres-
sion of the plant mitochondrial genome. 
4.2 	APPROACH 
Of the methods available for studying the transcription of the 
maize mt genome, the techniques of tINorthern blotting (Alwine et 
al 1977) and nuclease 51 mapping (Berk and Sharp 1977) were chosen 
for the majority of work described in this chapter. Northern blot-
ting involves fractionation of mt RNAs by electrophoresis through 
denaturing agarose gels, transfer of RNA to a support membrane fol-
lowed by hybridisation with gene-specific DNA probes. This tech-
nique can provide preliminary information about the expression of 
particular genes, for example, transcripts can be accurately sized, 
and, by using probes from specific regions of mt DNA, mapped on the 
genome. Where transcripts undergo excision of more than one intron, 
splicing pathways can be tentatively elucidated (see for example 
Corruzzi et al 1981) although pulse chase experiments are required 
to determine unequivocally product-precursor relationships. 
The major disadvantages of this technique are: 
Only steady state levels of a transcript are measured - rate 
of synthesis and turnover cannot be estimated by this approach. Thus 
the technique can be used to differentiate only between regions of 
the genome which are transcribed strongly and/or whose transcripts 
are stable, and those which are weakly transcribed and/or whose trans-
cripts are unstable. 
The technique does not differentiate between translatable and 
non translatable mRNAs (see Gabrielli and Baglioni 1977, Leaver and 
Lovett 1974 for examples of masked mRNAs) and where more than one 
transcript hybridises to a particular DNA fragment, other approaches 
must be used to determine which is the mature mRNA, for example by in 
vitro translation (Ellis 1976). 
Nuclease Si mapping was used to map the locations of the5' ends of 
the specific gene transcripts identified by Northern blotting. 
4.2.1 	Isolation of RNA 
In order to characterise the in vivo transcripts of the maize mt 
genome, and to avoid artefacts, the following points must be con-
sidered: 
4.2.1.1 	Integrity of RNA 
RNA must be intact and undegraded. This is particularly important 
if more than one transcript arises from a gene since it is difficult 
to distinguish between multiple transcripts and discrete breakdown 
products. Stern and Newton (1984) have recently reported that isola-
tion of plant nit RNA by the detergent phenol method (Parish and Kirby 
1966) leads to considerable breakdown unless the nuclease inhibitor 
aurintricarboxylic acid (AlA) is included in the extraction buffer. 
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Fig 4.1 	Gel electrophoresis of maize mitochondrial R\A 
Maize mitochondrial RNA (10 pg isolated from four day old 
etiolated shoots) was denatured with urea and forrnamide 
and electrophoresed through a 2 10' agarose gel containing 
10 r1 NaPi pH 7.0 buffer. Total cellular RNA and E.coj 
RNA which had been treated identically were electrophoresed 
in parallel tracks to provide markers. RNA was visualised 
by staining with ethidium bromide and viewing under incident 
J.V. light. 
Track a) 	10 pg E.coli RNA 
Track b) 	10 pg total cellular RNA. 
c) 	10 ug maize mitochondrial RNA. 
Note the multiplicity of ethidium bromide staining bands 
in this track. 
This conclusion is reached from the pattern of RNA when analysed by 
electrophoresis through agarose gels and stained with ethidium bromide. 
RNA isolated in the absence of ATA gives rise to a large number of 
ethidium bromide staining bands whereas RNA isolated in the presence 
of ATA does not. In the work reported in this thesis, maize mt RNA 
was isolated without ATA and when electrophoresed does give rise to 
a large number of bands (Fig. 4.1). This multiplicity of bands is 
found with several different gel systems. Such complex RNA gel pro-
files are also a feature of yeast mitochondria (eg.Hensgens et al 
1983, van Ommen et al 1979). Whether these multiple bands are 
native mt RNAs or represent discrete breakdown products is unresolved, 
since it is impossible to make any objective comparison with regard 
to the effect of ATA from the data presented by Stern and Newton 
(1984), because the RNA isolated in the absence of ATA is clearly 
overloaded on the gel compared to RNA isolated with ATA. However, 
mt RNA isolated in the experiments described in this chapter, in 
the absence of ATA, was intact and not significantly degraded as 
discussed below. Three separate approaches were used to measure the 
integrity of mt RNA. 
4.2.1.1.1 	Sucrose gradient centrifugation of RNA 	A useful 
indicator of RNA breakdown is to examine the absorbance ratio of 
large ribosomal to small ribosomal. RNAs (Leaver and Harmey 1973). 
Mt RNA was layered onto a linear 15 - 30% (w/v) sucrose gradient 
in 
(McConkey 196 7 )A 0 . 1 M Tris, pH 7.5, 0.5M NaCl, 5mM [DTA, 0.5% (w/v) 
SDS and centrifuged at 29,000 rpm for 18 hours in a 6 x 14 MSE 
swing out rotor at 20°C. The gradient was displaced from the top by 
injection of a 60% (w/v) sucrose solution. The gradient was passed 
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through an ultraviolet analyser (Instrumentation Specialities Co. Inc., 
Nebraska) and optical density (A260 ) recorded continuously. Fig. 4.2 
shows the separation profile of 265 and 18S rRNAs. The ratio of these 
RNAs is 1.5:1 which is less than the value of 1.8:1 expected from a 
ribosome containing equimolar proportions (Leaver and Harmey 1973) of 
rRNA of molecular weights ca 3546 (265, Dale et al 1984) and ca 1955 
(Spencer et al 1984). This is most probably explained by slight 
degradation of the 26S rRNA, as shown by Leaver and Harmey (1973) and 
Pring and Thornbury (1975). The resolving power of the gradient was 
insufficient to estimate the amount of contaminating cytoplasmic 
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5.85 rRNA (Dyer19i). 
4.2.1.1.2 	Heterologous rDNA hybridisation 	Mt RNA was isolated 
from four day old etiolated maize seedlings, electrophoresed through 
a 1.3% (w/v) agarose/7 0,0' (v/v) formaldehyde gel, blotted to nitro-
cellulose and hybridised with nick-translated E. coli total DNA 
under conditions described in section 2.2.4.5. E. coli rRNAs are 
known to hybridise strongly to plant mt DNAs (A. Brennicke pers. 
commun.) due to the high nucleotide conservation (overall homology 
of 76% between wheat mt lBS and E. coli 165 rRNAs, Spencer et al 
1984; many regions of >70% homology between maize mt 26S and 
E. coIl 235; Dale et al 1984). Since seven copies of the ribosomal 
cistron are present in each E. coil genome (Kiss et a]. 1977) it was 
reasoned that nick-translated E. coli total qenomic DNA would hyb-
ridise to mt rRNA (since mt rDNA probes were not available). 
labelled E. coli DNA was kindly supplied by J. Manson, Depart-
ment of Molecular Biology, Edinburgh University. Fig. 4.3 shows 
that E. coil genomic DNA hybridises to E. coil rRNAs and to both 










Fig 4.2 	Sucrose gradient centrifugation of maize mitochondrial RNA 
iaize mitochondrial RNA was layered onto a linear 15-30% (w/v) sucrose gradient in 0.]M Tris Cl pH7.5, 0.5M 
NaCl, 5 mF1 EDTA, 0.5% (w/i) SDS and centrifuged at 29,000 rpm for 18 hours in a 6 x 14 rISE swing out rotor 
at 20 1C. The gradient was displaced from the bottom and passed through an ultraviolet analyser and optical 
















Fig 4.3 	Hybridisation of nick translated E.coli 
genomic DNA to maize mitochondrial RNA 
Maize rnt RNA '10 hg) and E.coli RNA (10 g) were electro-
phoresed through a 1.300' (w/v) agarose/7% (v/v) formaldehyde 
gel, blotted to nitrocellulose and hybridised with E.coli 
32p labelled total genomic DNA. 
Tracks m) marker tracks of maize mt RNA and E.coli RNA 
stained with ethidium bromide and visualised under U.V. 
light. Tracks a) autoradiograms of E.coli 32p labelled 
genomic DNA hybridised with maize mt and E.coli RNA. 
concluded that the maize 185 and 26S rRNAs and the E. coli 235 and 
165 rRNAs are intact and not significantly degraded. Unexpectedly, 
no 45 or 55 mt RNA was found to hybridise to the L. coli DNA. This 
is probably partly due to: 
lower nucleotide sequence homology between E. coli and mt 55 rRNA 
(45% between wheat mt and E. coli 55 rRNAs, Spencer et al 1981) and 
poor retention of 45 and 55 RNAs on nitrocellulose of pore size 
0.45pm (Thomas 1983). The hybridisation of E. coli DNA to only two 
rRNAs in mt RNA also indicates that plastid contamination is insigni-
ficant, since any chloroplast RNAs, which would be resolved from the 
mt rRNA in the gel system used would also hybridise to E. coli DNA. 
4.2.1.1.3 	Comoarison of mitochondrial transcripts in Northern blots 
of mt RNA and total cellular RNA The patterns of trans-
cripts obtained when Northern blots of mt RNA and total cellular RNA 
were probed with defined mt DNA probes were compared with the follow-
ing aims: 
Damage of mitochondria during isolation could result in partial 
degradation of mt RNA. In contrast, isolation of total cellular RNA 
from maize shoots is very rapid, allowing less opportunity for 
nuclease action. Also, if in the absence of nuclear encoded enzymes 
transcription and/or processing is arrested, precursor/product ratios 
could change and so lead to artefacts when studying Northern hybridi-
sation patterns in isolated mt RNA. 
The contribution of any contaminating plastid and cytoplasmic 
RNA to the overall pattern of transcripts can be estimated by com-
paring the pattern of transcripts hybridising to defined gene probes 
in mt RNA and total cytoplasmic RNA. Any changes in the pattern of 
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bands, or the relative stoichiometry of bands, would indicate a 
contribution from contaminating RNAs. This was considered important 
since (i) two chloroplast proteins (cytochrome b 6 
 and a 17K polypep-
tide; Widger et al 1983, Hauska et al 1983) show homology to maize 
apocytochrome b (although the regions of exact homology are very 
short, A. Dawson pers. commun.) (ii) there is increasing evidence 
that many mt genes share homology with sequences in the nucleus 
(Chapter 1, section 1.10) which if transcribed could hybridise to mt 
gene probes. A comparison of the pattern of transcripts in maize mt 
RNA and total cytoplasmic RNA hybridising to gene specific DNA probes 
for maize mt COB and [01 (not shown) genes revealed essentially no 
differences. (Fig. 4.4) 
From these investigations Ii was concluded that the mt RNA isolated 
from etiolated maize shoots and used in the following experiments was 
not significantly degraded or contaminated with plastid RNA. 
4.2.2 	Purity of mitochondrial RNA 
4.2.2.1 	Removal of DNA from mitochondrial RNA preparations 
There is increasing evidence that the plant mt genome can undergo 
extensive recombination across repeated elements to form small cir-
cular molecules, some of which may fall into the size class range of 
mt transcripts (Palmer and Shields 1984, Lonsdale et al 1983). Since 
these recombinant molecules may contain copies or partial copies of 
genes it was considered important to remove DNA from RNA preparations. 
Inclusion of the detergent NDS in mt RNA isolation was found to con-
siderably reduce the amount of mt DNA in preparations of mt RNA 
(Kirby 1965). Digestion of the sample with DNase I (RNase free) was 
sufficient to remove remaining DNA as judged by gel electrophoresis. 
(Fig. 4.5). 
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Fig 4.4 Hybridisation of maize COB 32P labelled internal 
DNA probe to maize mt RNA and total cellular RNA 
Maize mt RNA (5 jig) and total cellular RNA (20 jig) were 
electrophoresed through a 1.3° (w/v) agarose/7% (v/v) 
formaldehyde gel, transferred to nitrocellulose and hybridised 
with a DNA probe internal to the protein coding sequence 
(M13 clone 979, defined section 4.5.2). 
Track a) maize mt RNA 














Fig. 4.5 	Removal of DNA from preparations of maize rnitochondrial 
nucleic acid 
Total mt nucleic acids were treated with DNase, and RNA selectively 
precipitated by the addition of NaCl to a final concentration of 2.5M. 
Nucleic acids before and after DNase treatment were analysed by elec-
trophoresis through a 1.3% (w/v) agarose/7% (v/v) formaldehyde gel 
and visualised by staining with ethidium bromide and visualised under 
U.V. light. 
Track a) 	E. coli total nucleic acids (lOpg) 
Track b) Maize mt nucleic acids (lOpg) before treatment with DNase 
Track c) 	Maize mt RNA (lOpg) after treatment with DNase 
Track d) Analysis of the supernatant after salt precipitation 
Note the absence of DNA (as judged by ethidium bromide fluorescence 
in track c. Also note no apparent alteration in the quality of RNA 
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DNA mono- and o1igonucleotides generated by DNase digestion (Maniatis 
et al 1982) were removed by salt precipitation (Parish and Kirby 
1966) which also removed 4S and 55 RNA. Treatment with DNase did not 
cause any detectable degradation of the RNA. 
4.2.2.2 	P]astid and cytoplasmic RNA contamination 
Contamination of mt RNA with plastid and total cytoplasmic RNA was 
found to be insignificant because: 
As discussed in section 4.2.1.1.2, E. coli DNA hybridises 
strongly to only two bands which comigrate with nit 26S and 185 rRNAs. 
Significant plastid RNA contamination would have been detected by 
hybridisation of chloroplast 235 and 16S rRNAs to the E. coli rDNA, 
since these share high homology (71% homology between maize chloro-
plast 235 and E. coli 235; 74% homology between maize 165 and 
E. coli 16S. Schwarz and K3ssel 1980, Edwards and Kssel 1981). 
It is likely that there is some cytoplasmic RNA contamination 
since an RNA band which co-migrates with cytoplasmic 255 can usually 
be detected in electrophoretograms of maize mt RNA (pot shown). 
However as shown in section 4.2.1.1.3, the presence of cytoplasmic 
RNA apparently does not influence the pattern of transcripts hybri-
dising to the mt gene probes examined. 
4.2.3 	Gel electrophoresis of RNA and Northern blotting 
As outlineiin section 4.2, the technique of Northern blotting was 
chosen for the initial characterisation of maize mt transcripts. 
4.2.3.1 	Assessment of gel systems 
In order to characterise accurately transcripts on the basis of their 
molecular weight, RNA molecules must be completely denatured, since: 
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mobility of native RNA in gels is related to both its molecular 
weight and its secondary and tertiary structure (Loening 1967) and 
RNAs have a tendency to aggregate (Boedtker 1968, Grierson 1982). 
The following three gel systems were assessed: 
Agarose gels plus denaturing sample buffer 
RNA was denatured by heating at 60 ° C for five minutes in a sample buffer 
containing 42% urea, and snap cooled on ice. The body of the gel con-
tained no denaturant. Although these gels were useful for visualising 
RNA (because ethididm bromide could bind to the secondary structure in 
the RNA), they were not used for accurate molecular weight determina-
tions, because the denaturation was temporary and renaturation and 
aggregation could occur on cooling or entering the gel in the absence 
of a denaturing agent actually in the gel. 
Denaturation of RNA with glyoxal 
Glyoxal (ethanedial) denatures RNA by covalently combining with 
guanosine residues and thus stericai.iy hindering the formation of 
G - C base pairs (Shapiro and Hachman 1966). RNA was denatured by 
heating in 1M glyoxal and 50% (v/v) Me 2 SO for 1 hour at 50°C 
(McMaster and Carmichael 1977). Since the covalent interaction is 
reversible only at high pH, the body of the gel did not contain de-
naturant. The use of this gel system allowed fairly accurate molecular 
weight determinations to be made. However, the long denaturation 
process (1 hour) was inconvenient and could lead to breakdown of RNA. 
Agarose/formaldehyde gels 
Formaldehyde agarose gel electroohoresis (Lehrach et al 197]) was the 
system eventually chosen for the analysis of maize mt RNAs. RNA 
was denatured by heating at 60°C for 5 minutes in 4% (v/v) formalde-
hyde/19% (v/v) formamide. Both formamide and formaldehyde denature 
122 
RNA by disrupting the hydrogen bonds (Grossmann 1968, Peterrnann et 
al 1972, Lodish 1971) that are involved in Watson-Crick base pairing. 
Renaturation is prevented by including formaldehyde in the body of 
the gel. A modification (Maniatis et al 1982) of the formaldehyde/ 
agarose gel system (Lehrach et al 1977) whereby NaPi buffer was 
substituted by MOPS gave better buffering capacity and made buffer 
recirculation or running of submerged gels unnecessary. These gels 
gave good resolution: in the range ca 1 - 3 Kb, bands differing by 
100 bases could be resolved on a 1.3% (w/v) agarose gel. The dis-
advantage of these gels is that the denaturant must be removed before 
ethidium bromidecan bind to the RNA; this process takes several hours, 
thus some diffusion of the RNA bands occurs. In addition, residual 
formaldehyde was found to fluoresce in U.V. light, giving rise to a 
high background. 
4.2.3.2 	Blotting medium 
Of the available blotting media [for example diazophenylthioether 
(OPT) paper (Seed 1982), "Biodyne" (Pall, Europe Ltd.), diazobezy-
.Ioxymethyl (DBM) paper (Aiwine et a]. 1977) and nitrocellulose] only 
the latter two were assessed. 
1) 	DBM paper Bonds between phosphate groups on RNA and diazoniurn 
groups of the paper covalently attach RNA to DBM paper (Aiwine et 
al 1977). This has the advantage that the RNA is permanently 
fixed on the support membrane. 	However this covalent coupling can 
be a disadvantage in that the number of binding sites is limited and 
regions of the filter may become saturated, particularly with the 
rRNAs. This is particularly important in the case of plant mt mRNAs 
where many of the transcripts are similar in size to the rRNAs and 
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may thus escape detection. The use of DBM paper was also time 
consuming and expensive, and the diazotization reaction sometimes 
worked with variable efficiency. 
2) 	Nitrocellulose 
The way in which RNA binds to nitrocellulose is not understood in 
detail, however it appears that RNA must be denatured for efficient 
binding to occur (Thomas 1980, 1983). Nitrocellulose is convenient 
to use (no pre-treatment of gel or membrane is required) and gives 
better resolution of individual transcripts than DBM paper. One 
major disadvantage is that, unlike DBM paper, staining of RNA prior 
to transfer reduces the efficiency of transfer (Thomas 1980), and 
molecular weight markers must be run in parallel tracks and excised 
from the gel prior to staining. 
Whilst the three gel systems and two blotting media generally gave 
very similar results, the system used for most of the work described 
in this thesis consisted of formaldehyde/agarose gel electrophoresis 
followed by blotting to nitrocellulose. This method was convenient, 
gave good resolution and blots substantially free of any spurious 
background hybridisation. 
4.2.3.3 	Determination of the molecular weight of RNAs fractionated 
on formaldehyde/agarose gels 
The approximate molecular weights of transcripts separated on 
formaldehyde/agarose gels were estimated by comparison with RNAs of 
known molecular weight, namely: 
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Tobacco mosaic virus (TMV) 
Cowpea chiorotic mottle 
virus (CCMV) 
Size bases 	Reference 
6395 	Goelet et a! 1982 
ca 3200 2900 Davies and Verduin 1979 
2300 	825 Dasgupta and Kaesberg 1982 
2904 Brosuis et a! 1980 
1541 Brosuis et al 1978 
ca 3546* Dale et al 1984 
1955** Spencer et al 1984 
E. coli 235 rRNA 
16S rRNA 
Maize mt 26S rRNA 
lOS rRNA 
* 	From DNA sequence: actual length not known as 265 rRNA has not 
been sequenced 
** Actual figure shown is for wheat rDNA 
The lengths of the RNA markers have been determined directly by 
sequence analysis either of rRNA or rDNA, except for the three 
largest RNAs of CCMV which have been determined indirectly. 
Figure 4.6 shows that the distance migrated is directly proportional 
to logio molecular weight, except for very large RNAs, for example 
TM 	>6 Kb. Due to a lack of more than one marker greater than 
3.5 Kb estimates of molecular weights greater than this must be re-
garded as only approximate. 
4.3 	TRANSCRIPT ANALYSIS OF THE MAIZE COIl GENE 
4.3.1 	The COIl qene 
The protein coding portion of the maize COIl gene is 825 bp in length 
and is interrupted by a single centrally located intron of 794 bp. 
The maize mt DNA contains a single complete copy of this gene (Fox 
and Leaver 1981). A preliminary investigation of the transcription 
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Fig 4.6 	Plot of distance migrated against log 	molecular weight 
of RNA. 
RNA was electrophoresed through a 1.3% (w/v) agarose/7% (v/v) 
formaldehyde gel. The molecular weights of the flNAs were plotted 
against distance migrated in cms on a semi-logarithmic basis. 
Markers were: Tf1V (6395 bases), CDIV (ca. 3200, 2900, 2300 and 
824 bases), [.coli rRNAs (2904 and 1541 bases), maize mt rINAs 
(ca. 3546 and 1955 bases). 
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probes specific for exons 1, 2 and the intron, they showed that CDII 
is apparently transcribed in a complex manner. However the probes 
used were not cloned fragments of 'DNA; rather they were extracted 
from a gel, and thus were liable to contamination with other DNA 
fragments. 
In the work described in this section, single stranded M13 DNA probes 
were prepared and used to study the transcription of CDII. In this 
way only transcripts generated from the CDII coding strand were inves-
tigated. In addition,F413 probes can be labelled to high specific 
activity (5 - 10 x 106  dpm/pg) so allowing less abundant transcripts 
to be detected. 
4.3.2 	Construction of a single stranded CDII intron-specific probe 
in M13mp8 
The plasmid pLmEl (Fox and Leaver 1981) contains a 2.4 Kb [coRI 
fragment of mt DNA containing the whole of the CDII gene cloned in 
pBR322. Plasmid DNA was digested with ECORI and the insert separated 
from vector by electrophoresis through a 1 00' (w/v) aqarose gel. The 
insert was recovered from the gel by electroelution and 4 jig digested 
with jqI. Ja' was chosen because it generates a large intron-
specific fragment of 692 bp which is well-separated from other frag-
ments (Fig. 4.7). The products of the jI digestion were separated 
on a 6% (w/v) polyacrylamide gel (Fig. 4.8). The desired fragment 
was recovered from the gel by 'crush and soak' and ligated into the 
AccI site of M13mp8. The ligated DNA was used to transform compet-
ent E. coli JM101, and RF and ss DNA prepared from a random selec-
tion of transformants. Recombinant transformants were screened 
initially by measuring insert size. An aliquot of RF DNA was 
127 
128 
Fig. 4.7 	Restriction map of pZmEl insert 
Restriction map of the 2.4 Kb insert in pZmEl showing jI sites 
(T) and EcoRI sites (E). Arrows delimit the 692 bp jI fragment 
cloned into M13mp8 to form an intron specific probe. 
Thickened bar denotes gene coding sequence. 
Solid thickened bars represent exons, open thickened bar represents 
the intron. 
Fig. 4.8 	Purification of the 692 bp jI intron specific fragment 
pZmEl insert (4pg) was digested with jjI and electrophoresed on a 
6100' (w/v) polyacrylamide gel. Bands were visualised under incident 
U.V. light after staining with ethidium bromide. pBR322 digested with 
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was digested with Hindlil and [coRI which cut either side of the 
AccI site in the polyclonal linker. Clones containing the 692 bp 
Taqi intron fragment 	thus contained Hindill - [coRl inserts 
of 728 bp. Figure 4.9 shows clones 4, 5, 7 and 8 contain correctly 
sized inserts. Nucleotide sequencing established the orientation of 
these clones. The products of a sequencing reaction of clone 4 are 
shown in Figure 4.10. The orientation of clones 4, 5 and 8 is such that 
the labelled strand is complementary to the RNA and will therefore 
hybridise to any RNA transcribed from this region. 
4.3.3 	Construction of a single stranded CDII exon 1 probe in M13mp8 
A single stranded M13 DNA probe for exon 1 of COIl was prepared as 
follows: pZmEl was digested with Sau3A (a restriction map of the mt 
DNA insert in pZm[1 is shown in Fig. 4.11) and the products electro-
phoresed on a 6% (w/v) polyacrylamide gel (Fig. 4.12). Bands around 
269 bp were excised and ligated into the BamHI site of M13mp8. 
After transformation of E. coli JM101, a random selection of recom-
binants were sequenced directly, the results of which are shown in 
Fig. 4.13. Two clones (47 and 50) were found to be correctly orien-
ted for hybridisation with RNA. 
4.3.4 	Transcript analysis of the maize CDII gene using internal 
gene DNA probes 
Mt RNA was prepared from etiolated seedlings and 50jig loaded into a 
single well 5cm wide. Following electrophoresis through a 1.3% (w/v) 
agarose/7 0,0' (v/v) formaldehyde gel the RNA was immediately transferred 
to nitroce]Julose. The RNA which was blotted was not stained prior 
to transfer; RNA size markers were run in parallel tracks and stained 
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separately. 
Fig. 4.9 Screening recombinant M13 clones by measurement of insert 
size 
Recombinant transformants were screened by measuring insert size. 
Clones containing the 692bp TI intron fragment were identified by 
restriction with HindlIl and EcoRI which cut either side of the AccI 
site in the mp8 polyclonal. linker. Clones containing the 692bp jI 
intron fragment thus contained 1-lindill - EcoRl inserts of 728bp. 
RF DNA was diaested with EcoRI and Hindill and electrophoresed on a 
1100' (w/v) agarose gel. Bands were visualised under U.V. light after 
staining with ethidium bromide. pBR322 and jqI provided markers W. 
Fig. 4.10 	Nucleotide sequence of clone 4 
Sequencing gel of clone 4 
Clones correctly oriented for hybridisation with RNA should read: 
5' CGCCCGCCTCCCCCCAAA 3' 
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Fig. 4.11 	Restriction map of pZmEl insert 
Restriction map of pZmEl insert to show Sau3A restriction enzyme 
sites (S) and EcoRI sites (E). Thickened bars represent gene 
sequence. Solid thickened bars represent the two exons. Open 
thickened bar represents the central 794 bp intron. Arrows 
delimit the 269 bp Sau3A exon 1 specific probe. 
Fig. 4.12 	Purification of the 269 bp Sau3A exon 1 specific fragment 
pZmEl 	I (4jig) was digested with Sau3A and the fragments fraction- 
ated by electrophoresis through a 6% T7v) polyacrylamide gel. DNA 
bands were visualised under incident U.V. light after staining with 
ethidium bromide. pBR322 digested with Sau3A provided markers. 
Fig. 4.13 	Nucleotide sequence of clone 47 (COIl exon 1 specific clone) 
Sequencing gel of clone 47. Clones correctly oriented for hybridisa-
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Figure 4.14 a shows these RNA markers stained with ethidium bromide 
and visual.ised under incident U.V. light. (Note the apparent loss 
of 265 rRNA from the mt RNA track is due to uneven illumination.) 
Parallel strips from the nitrocellulose blot were excised and hybrid-
ised with the following probes: 
Nick-translated pZmEl, a double stranded DNA probe containing the 
entire COil gene and approximately 800bp of flanking sequence 
(lOObp 5' of the gene and 700bp 3'). 
The M13 COIl exon 1 specific probe (section 4.3.3) labelled to 
5 - 10 x 10 
6 dpm/pg by second strand synthesis. 
The M13 COIl intron specific probe (section 4.3.2) labelled to 
high specific activity as in 2) above. 
The results of these hybridisation experiments are shown in Fig. 4.14 
b c and d. The use of identical blots of mt RNA allows direct corn-
parison to be made between the RNA transcripts hybridising to each 
probe. 
The pattern of transcripts hybridising to pZm[1 and exon 1 specific 
probe are identical and complex (lanes b and c Fig. 4.14). 
This shows that all the transcripts identified are complementary to 
the COIl coding strand. It also indicates that neither M13 nor 
pBR322 vector homology makes any significant contribution to the 
transcript pattern. 
The pattern of transcripts hybridising is unexpectedly complex. At 
least five transcripts ranqing in size from ca 1.0 to ca 3.2 Kb 
hybridise strongly to the probe. The most abundant transcripts of 
1.95 and 3.2 Kb are presumed to be the mature mRNAs, but this may 
not be a valid assumption since one or both may represent a stable 
135 
Fig 4.14 Analysis of maize COIl gene transcripts 
Maize mt RNA was e].ectrophoresed through a 1.3% (w/v) agarose/ 
701U' (v/v) formaldehyde gel, blotted to nitrocellulose, and hybridised 
with DNA probes from spccific regions of the COLE gene. 
	
4.14 a 	RNA markers were run in parallel tracks, excised from the 
gel after electrophoresis and stained with ethidium bromide 
separately. RNA markers are cowpea chiorotic mottle virus 
(CCMV), E. coli, maize mt RNA and tobacco mosaic virus(TMV). 
4.14 b 	Transcripts hybridising to pZmEl (entire nick translated 
pJ.asmid). Open arrows denote weakly hybridising bands not 
reproduced from the original. 
4.14 c 	Transcripts hybridising to the COIl exon 1 specific probe. 
Open arrows denote weakly hybridising bands. 
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processing intermediate. 	In addition to the strongly hybridising 
bands, a number of weakly hybridising bands of higher molecular 
weight can be detected. (Denoted by open arrows on Fig. 4.14 b and 
c.) The intron-specific probe hybridises strongly to at least five 
high molecular weight transcripts ranging in size from ca 3.5 Kb to 
6.0 Kb (Fig. 4.14 d). These co-align with the high molecular weight 
transcripts that hybridise faintly to pZmEl and exon 1-specific 
probe. These presumably therefore are unspiiced pre-mRNAs. In 
addition to high molecular weight transcripts, the intron-specific 
probe hybridises strongly to a low molecular weight RNA species of 
approximately 800 bases, approximately corresponding in size to the 
794bp intron. Also a number of faintly hybridising transcripts of 
less than 3.5 Kb but greater than 800 bases are detected with the 
intron-specific probe. The significance of these is not known. 
4.3.5 	CDII transcripts in N C S and T type mitochondria 
There is evidence that the CDII gene undergoes rearrangements with 
respect to N in C and I type mitochondria. These are discussed in 
section 4.3.6.6. Maize mt RNA prepared from N (nuclear genotype 
3541), and N, C, S and T (nuclear genotype WF9) type plants was 
electrophoresed through a 1.3% (w/v) agarose/7% (v/v) formaldehyde 
gel, blotted to nitrocellulose and hybridised with the COIl exon 1 
specific probe (Fig. 4.15). COIl transcripts from N cytoplasm in 
the nuclear backgrounds 3541 and WF9 are identical; hence the nuclear 
background does not contribute to any change in CDII transcripts. 
Differences in the pattern of transcripts are detected in all three 
male sterile (C, S and I) cytoplasms, the most obvious changes being 
in C and S type mt RNA. 
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Fig. 4.15 	COIl transcripts in N C S and I mt RNA 
Mt RNA from a variety of cytoplasmic genotypes and two nuclear 
backgrounds was electrophoresed through a 1.3% (w/v) agarose! 
7% (v/v) formaldehyde gel, transferred to nitrocellulose and 
hybridised with the COIl M13 exon 1 specific clone. 
Track a) 	N cytoplasm, nuclear background 3541 
Track b) N cytüplasm, nuclear background WF9 
Track c) 	C cytoplasm, nuclear background WF9 
Track d) S cytoplasm, nuclear background WF9 
Track e) 	T cytoplasm, nuclear background WF9 
The positions of mt 265 and lBS rRNAs are marked. These were 
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4.3 • 6 	Discussion 
4.3.6.1 	Summary of results 
Transcript analysis of the maize COIl gene has shown: 
Mt RNA hybridises to COIl specific probes, indicating that the 
prboJ 
gene isAtranscribed  in the maize mitochondrion. 
A complex pattern of transcripts hybridises to COIl specific 
probes ranging in molecular weight from ca 800 bases - 6 Kb. The 
large number of transcripts cannot be explained by excision of a 
single intron. The majority of COIl transcripts are far larger than 
required to specify the corresponding polypeptide (825bp). 
The intron specific probe hybridises to a low molecular weight 
RNA of ca 800 bases suggesting it may be spliced from the pre-mRNA(s) 
and persist in the mitochondrion as a stable molecule. 
The pattern of COIl transcripts differs in C S and T type mt 
RNA compared to N type mt RNA. 
4.3.62 	Multiple CDII transcripts 
Several models can be proposed to explain the presence of multiple 
transcripts which hybridise to COIl specific probes: 
1. 	Initiation and/or termination of transcription occurs at many 
sites throughout the CDII region thus generating a series of over-
lapping transcripts. In this case the relative abundance of individ-
ual transcripts would depend on the efficiency of the competing 
promoters and terminators, as well as the rate of turnover of the 
individual transcripts. Two putative promoters have been found 
630bp and 552bp upstream of the yeast mitochondrial ATPase 9 gene 
(Edwards et al 1983); similarly the rRNA genes in E. coli (Lund 
and Dahlberg 1979) and the E. coli gal operon (Queen and Rosenberg 
1981) are expressed from tandem promoters. 
A single precursor transcript (for Zea mays COIl ca 6 Kb) is 
processed at many sites to yield transcripts of lower molecular 
weight, some of which are processing intermediates, others mature 
mRNAs. Here the relative abundance of individual transcripts would 
depend on the rate of each processing step and the stability of the 
resultant processed intermediate. Thus the Zea mays COIl primary 
transcript would undergo two types of processing; excision of the 
794bp intron, and trimming of the 5' and 3' ends to form the mature 
mRNA. If this is so, then the detection of several high molecular 
weight transcripts containing intron sequences suggests some trim-
ming may precede intron excision (although the intron could be 
excised in stages). It is also possible that the same precursor 
RNAs are processed by different pathways. The complex pattern of 
Lea mays COil transcripts resembles that of some yeast genes which 
contain introns (eg COT, Hensgens et al 1983). On the other hand,DNA 
probes for the yeast mt COIl gene (which is not split) hybridise 
to at least 10 discrete yeast mt RNA species, ranging in size from 
ca 4.0 Kb to the presumed mature mRNA of 0.85 Kb. The pattern of 
hybridisation obtained using probes flanking the protein coding 
sequence suggests that a larger precursor is processed in a stepwise 
fashion from both 5' and 3' ends to generate the mature mRNA (Co ruzzi 
et al 1981). Thus a single primary precursor maize COIl transcript 
could be processed by such a multi-step pathway. 
A combination of 1 and 2. 
From the data presented in this section it is impossible to distin-
guish between these three models, particularly since the positions of 
the COU transcripts with respect to the protein coding sequence have 
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not been determined. Several approaches could be used to distinguish 
the three models: 
Initiation of transcription at multiple points upstream from 
the protein coding sequence requires that there must be multiple pro-
moters which presumably share sequence homology, as do yeast putative 
promoters (Tabak et al 1983). Using the Si nuclease protection tech-
nique (Berk and Sharp 1977) the sequences around the 5' and 3' ends 
of individual transcripts could be determined and examined for 
sequence similarities. The multiple promoter/terminator model pre-
dicts conserved sequences immediately 5' to the point at which trans-
cription is initiated and/or at the 3' termini of the transcripts. 
A more ambitious approach would be to examine the products of in 
vitro transcription using various DNA templates and a purified mt 
RNA polymerase. Such a system is used routinely in the study of 
yeast mt transcription (Edwards et al 1982) but an equivalent sys-
tem has not yet been developed for plant mt DNA. 
In contrast, processing of a single primary transcript by a 
complex pathway does not necessarily predict any sequence homology 
at the transcript termini since the different transcripts could be 
generated by various processing enzymes. Alternatively processing 
signals may be situated distantly from the actual site of cleavage. 
The fact that the plant mt genome undergoes recombination at 
various repeated sequences (Palmer and Shields 1984, Lonsdale et al 
1903) has important implications for the study of tnt gene expression. 
If, for example, a gene is located near to a repeated element which 
is involved in recombination upstream/downstream sequences could be 
altered completely thus having a profound effect on transcription. 
The Zea mays Cliii gene lies within a few hundred bases of a 2 Kb 
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repeated element which has been shown to be involved in recombina-
tion events (D. Lonsdale pers. commun.). However, since the start 
point of the primary COIl transcript is not known, it is impossible to 
make any predictions about the effect of recombination on transcrip-
tion. It is possible that the multiple COIl transcripts could arise 
from repeated COIl sequences. This was originally thought to be un-
likely since nick-translated pZmEl hybridises to a single 2.4 Kb 
EcoRI fragment when used as a probe against N-type mt DNA (Fox and 
Leaver 1981). In order to verify that only a single copy of COIl 
ai d.jociMd in 	 t) 
exists, N type mt DNAwas digested with EcoRI, electrophoresed 
through a 1% (w/v) agarose gel, blotted to nitrocellulose (blot 
kindly provided by Sue Dunbar) and hybridised with the COIl exon 1 
specific M13 clone probe (section 4.3.3) which was labelled to high 
specific activity ( 5 - 10 x 10 dpm per fig). Since this probe con-
tains only COIl specific sequence it should offer greater sensitivity 
in detecting COil sequences compared to pZmEl which contains 800bp 
of flanking sequence. Fig. 4.16 (i) shows the results of this 
hvbridisation. Under stringent conditions (Tm  DNA - 26°C) the exon 
specific probe hybridises to a 2.4 Kb fragment and faintly to several 
other fragments of 5.7 and 5.0 Kb. Re-examination of a different 
blot of EcoRI digested maize mt DNA probed with pZmEl showed that a 
band of ca 5.7 Kb hybridises to the probe [autoradiogram provided by 
A. Dawson; Fig. 4.16 (ii)]. Thus the weakly hybridising bands are 
only readily detected using highly specific probes. Under these con-
ditions M13mpB vector does not hybridise to mt DNA (data not shown). 
The additional bands are not likely to be explained by partial diges-
tion products (since the same hybridisation has been detected with 
several different restriction digests of mt DNA) or methylation of 
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Fiu. 4.16 	Repeated CDII sequences in the mt qenome of maize 
4.16 (1) 	Maize mt DNA was electrophoresed through a 1110' (w/v) 
agarose gel, transferred to nitrocellulose and hybridised 
with the CDII exon 1 specific clone in M13. Lane a 
shows results of this hybridisation experiment aligned 
with the corresponding mt DNA visualised with ethidium 
bromide. A DNA digested with EcoRI provided markers. 
Note weakly hybridising bands of 5.7 and 5.0 Kb. 
4.16 (ii) Maize mt DNA (separate preparation from 4.16 (i)) was 
digested with EcoRI, electrophoresed through a 1% (w/v) 
agarose gel, blotted to nitrocellulose, and hybridised 
with nick translated p/mEl. 
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of restriction sites (Bonen et al 1980). Thus it appears that COIl 
homologous sequences are repeated on the maize mt genome. In view of 
the weak hybridisation compared to the 2.4 Kb fragment, the nature of 
the repeat could be: 
Short pieces of sequence completely homologous to COil exon 1 
Longer sequences having partial homology to COil exon 1 
Complete copies of COIl on submolar restriction fragments which 
could arise from rare recombination events. 
Sequences showing only partial homology to COIl could be identified 
by increasing stringency of the wash, but this has not yet been inves-
tigated. Further experiments using intron and exon 2 specific probes 
are necessary to determine the extent of the CDII gene that is repeat-
ed on the maize mt genome. Bonen et al (1984) have since shown that 
in wheat, 193bp of CDII exon 1 are repeated elsewhere in the wheat mt 
genome and thus repeated gene sequences may be a feature of plant mt 
mt DNAs. 
If the maize repeated COIl sequence(s) are transcribed (whether they 
form part of a functional COIl mRNA or part of some other trans-
cript), then they could contribute to the overall complexity of the 
COIl transcription pattern. In order to determine whether these 
repeated COIl sequences are transcribed, it would be necessary to: 
hybridise DNA probes flanking the additional copies (or copy) of 
COIl to blots of mt RNA; 
examine the in vitro transcription of the repeated COIl 
sequences, or 
identify primary COIl transcripts using the enzyme guanylyl 
transferase (section 4.4.6.3), sequence the resultant 'capped' RNAs 
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and align the sequence to the genome. These experiments are des-
cribed in more detail in section 4.4.6.3. 
Recently, transcripts hybridising to the wheat mt COIl gene have been 
identified (Bonen et al 1984). This gene contains a centrally located 
intron of 1.2 Kb; the majority of the intron shows very high homology 
( > 99%) to the maize 794bp COIl intron. (The extra sequence is 
due to a 422bp insert within the intron). The pattern of RNAs hybrid-
ising to this gene are very simple: three transcripts of 2.7, 1.5 
and 1.2 Kb are detected corresponding to the unspliced pre-mRNA, 
mRNA, and the stable intron species respectively. Thus a complex 
pattern of transcription as seen for maize COIl gene does not neces-
sarily result from the presence of an intron. Also, the finding that 
193bp of COIl exon 1 is repeated once elswhere on the wheat mt genome 
shows that at least in this species, repeated CDII sequences do not 
significantly contribute to the transcript pattern. 
4.3.6.3 	Processing of the CDII intron from precursor mRNA 
The identification of high molecular weight transcript3 containing 
intron and exon sequences, together with the detection of a low 
molecular weight molecule of ca 800 bases which hybridises to the 
intron specific probe suggests that the intron may be spliced from 
the pre mRNAs and persist in the mitochondrion as a stable molecule. 
It has been proposed that introns can be spliced from precursor mRNAs 
by one of several mechanisms (for reviews see Cech 1983, Greer and 
Abelson 1984) 
1. 	Nuclear encoded mRNAs whose inLron borders show the consensus 
sequence 5GT .... AGt3!(splice points are designated by arrows) and 
4; 
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whose splicing depends on the action of other cofactors, for example 
small nuclear ribonucleo-protein particles (Padgett et al 1983, 
Breathnach et al 1978). In this group, deletion of most of the intron 
does not affent splicing (Cech 1983). 
Nuclear encoded tRNAs where introns interrupt the tRNA sequence 
in the anticodon loop one base 3' to the anticodon. In yeast a 
single endonuclease is involved in splicing of introns from ten tRNAs 
(Peebles et al 1983). 	
4 	S(ALJ.&S 
Mitochondrial and nuclear encoded rRNA ,  and mitochondrial mRNAs. 
These are discussed in more detail below. 
Introns in chioroplast genes. The genes encoding the large sub-
unit of RuBPCase and the Mr  32,000 polypeptide in Euglena gracilis 
are split by nine and four introns respectively (Koller et al 1984, 
Karabin et a]. 1984). Sequence analysis of these introns has revealed 
a conserved sequence at the splice sites which is 
5' NGTGG . 	TTTATTTTATN 
Excision of mitochondrial introns in fungi is dependent on many 
factors: 
proteins encoded in the nucleus (see For example Dujardin et al 1983, 
Garriga et al 1984, [aye and Simon 1983, Simon and [aye 1984) 
intron encoded proteins (maturases) (see for example Lazowska 
et al 1980, Dujardin et al 1982, Anziano et al 1983) 
specific sequences within the introns themselves which are 
responsible for generating the splice sites and complex internal 
secondary structure. (Davies et al 1982, Waring and Davies 1984.) 
Mitochondrial introns are divided into Groups I or II on the basis 
of this predicted secondary structure (Michel et al 1982, Michel and 
Dujon 1983). 
Group I introns contain four conserved sequences capable of form- 
ing secondary structures which bring the 5' and 3' ends of the intron 
together and allow an 'internal guide RNA' sequence to pair with the 
exon bases adjacent to the splice junctions. This is postulated 
to bring the two splice sites into close proximity. Evidence for 
the formation of such a core structure comes from the finding that 
mutations in the conserved sequences are often compensated by secon-
dary mutations so as not to disturb the secondary structure (Davies 
et al 1982). Examples of Group I introns include intron 4 of 
S. cerevisiae COB gene ) (Rodel et al 1983), intron of large rRNA ) and 
introns 1, 2 and 3 of A. nidulans (Davies et al 1983). 
These Group I introns are also found in Tetrahymena and Physarum 
nuclear encoded large rRNA genes (Waring and Davies 1984, Cech 
1983). Excision of the single intron from Tetrahymena 26S rRNA is 
an autocatalytic event, requiring no enzyme or protein in vit.ro 
(Kruger et al 1982). This intron splicing reaction excises a linear 
molecule which is subsequently circularised (Grabowski et al 1981). 
RNA cleavage and ligation activity is therefore intrinsic to the 
structure of the RNA molecule. The close conservatiion of secondary 
structure of yeast nit Group I introns with that of Tetrahymena 265 
rRNA suggests all these introns are or have been self splicing. The 
role of the maturases and nuclear encoded proteins involved in spli-
cing of group I introns in yeast mt genes may be to stabilise secon-
dary structure in some way. 
Introns in Group II share extensive homologies at their 3' ends, and 
can form potential secondary structures different from those in Group 
I (Michel and Dujon 1983). Group II introns identified so Far 
150 
include in S. cerevisiae intron 1 of COB, introns 1, 2 and 5 of COl 
and Lea mays Cliii intron. The first four introns are excised aco-
valent].y closed circular molecules (Arnberg et al 1980, Halbreich et 
al 1980) and remain in the mitochondrion. It is not known whether 
spiced 
the apparently stablemaize COIl intron is excised as a circular 
molecule. As yet there is no experimental evidence for the existence 
of a circular spliced COIl intron. However, there is some circum-
stantial evidence that it may exist in this form: 
EM preparations of maize mt RNA do contain covalently closed 
circular RNA molecules of approximately 800 bases (A. Arnberg, 
University of Groningen and V.P. Jones unpublished results). By 
enriching for these circular RNA molecules (for exampleby sucrose 
gradient density centrifugation or elution from gels) and hybridis-
ing them with the intron specific probe, it should be possible to 
demonstrate whether these circular molecules arise from splicing of 
COIl or not. Another approach would be by primer extension (Chosh 
et al 1978). This involves hybridising a 5 	P-labelled primer 
(either a restriction fragment or a synthetic primer) to the intron 
and synthesising a cDNA strand using reverse transcriptase. Cir-
cularity would be indicated by a linking of 5' and 3' sequences. 
Using this approach the circular introns of S. cerevisiae have been 
shown to be closed by an unusual bond, since reverse transcriptase 
is unable to progress across the closure. The bond is itot cleaved 
by pyrophosphatase, alkaline phosphatase or protease (L.A. Grivell 
pers. commun.). This suggests either that the circles may be closed 
and the bases subsequently modified in some way or that the RNA 
around the point of closure forms a branched structure. 
The mobility of circular RNA species in denaturing RNA gels is 
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known to be anomalous. 	For example the circular RNA resulting from 
excision of the Tetrahymena 26S rRNA intron was detected as an elec-
trophoretic variant from the linear form and was shown to be retarded 
on 8M urea poi.yacrylarnide gradient gels (Grabowski et al 1981), in-
creasing its apparent molecular weight by ca 100 bases. On non-
denaturing acrylarnide gradient gels it was found to migrate faster 
than the linear form, the latter having a molecular weight correspond-
ing to that of the intron. Similar anomalous rates of migration have 
been found for circularised tRNAs (Bruce and Uhienbeck 1978) and the 
circular RNA of Potato spindle tuber viroid (Sanger et al 1979). 
The close agreement of the size of the excised maize [011 intron and 
its DNA parent could mean either that the intron exists as a linear 
molecule, or that the resolving power of the gel system used is insuf-
ficient to detect minor differences in mobility due to circularisation. 
In wheat the COIl intron excised RNA can be detected in Northern 
blots, although its physical conformation has not been investigated. 
3) 	In yeast mitochondria 	circularised excised intron RNAs 
ie COB intron 1 and COl introns 1, 2 and 5 can be detected as appar-
ently stable molecules in the mitochondrion (Bonitz et al 1980, 
Hensgens et al 1983). Other introns appear to be degraded more 
rapidly after excision from the pre rnRNA and are not detected; thus 
the 800 base RNA species hybridising to Z. mays COil intron may 
represent a circular moiety. 
The function of these circular RNAs is not known, although it appears 
that they may not be direct products of the splicing reaction since: 
a) the Tetrahymena 26S rRNA iniron is excised as a linear molecule 
which is subsequently circularised (Grabowski et al 1981) and 
b) circle formation in yeast is thought to be uncoupled from splicing 
during glucose repression (Baldacci and Zennaro 1982) and sporula-
tion (Schroeder et al 1983) since under these conditions circular 
transcripts are not detected. (Alternatively the activity of a 
circle specific RNase may increase under particular physiological 
conditions). 
4.3.6.4 	An open reading frame upstream of the maize COIl gene 
Sequence analysis of the COIl gene upstream from the AUG initiation 
codon has shown the presence of an open reading frame (ORE) contin-
uous with the COIl gene. No termination codons separate this ORE 
from that encoding COIl, and the ORE extends through the first exon 
and terminates 33 amino acids into the intron. The 5' start point 
of the upstream ORE has not yet been determined but extends at least 
209 amino acid residues from the initation codon (A.J. Dawson pers. 
commun.). There are several possible roles this extension may have: 
It may not be expressed, and although the 5' ends of COIl tran-
scripts have not been mapped, they are large enough to accommodate 
the entire COIl coding sequence and that of the ORE. 
The ORE may be co-translated with COIl to form an amino-
terminal extension which is subsequently processed from the mature 
polypeptide. In yeast (Sevarino and Poynton 1980) and Neurospora 
rrassa (van den Boogaart et al 1982) COIl polypeptides are synthesised 
with amino terminal extensionsof 12 - 15 amino acids. Similarly 
the COl genes in N. crassa We Jonge and de Vries 1983) and A. 
nidulans (T. Brown pers. commun.) are thought to be translated as a 
precursor, with an amino terminal extension of around 50 amino acids. 
The ORE may specify part of a rnaturase enzyme cotranslated with 
Cliii exon 1 and part of the intron, which is involved in splicing of 
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the intron from the pre-mRNA(s). As yet it is not known whether the 
maize COIl gene intron is excised by a nuclear encoded enzyme or a 
mitochondrially encoded maturase. 
In yeast, maturases translated in frame with the preceding intron 
include proteins partly encoded by introns 2, 3 and 4 of COB (Lazowska 
etal 1980) and introns 1 and 4 of COT (Groudinsky et al 1983). Thus 
both Group I and Group II introns partly encode maturases. Interest-
ingly the ORE found upstream of the maize COIl gene is not found in 
the homologous position in wheat mt DNA, (Bonen et al 1984) nor 
Oenothera mt DNA (Hiesel and Brennicke 1983). The Oenothera COIl 
gene does not contain an intron, and therefore if the ORE was part of 
a maturase its absence would not be unexpected. The wheat CDII gene 
is split by an intron, but shows a very simple pattern of transcrip-
tion unlike the corresponding gene in maize. It is possible that the 
presence of the ORE in maize is contributing to the complex pattern 
COIl RNAs revealed by hybridisation. 
4.3.6.5 	Large size of CDII transcripts 
Both pZmEl and exon 1 specific probes hybridise to many RNA species, 
the majority of which are much larger than required to specify the 
CDII polypeptide. The minimum length of a spliced mRNA would be 
825 bases, and the minimum length of an unspliced pre mRNA (con-
taming the complete intron sequence) would be 1619 bases. The un-
spliced RNAs detected are therefore carrying up to ca 4400 bases of 
additional information. It has been assumed that the most strongly 
hybridising transcripts (detected by the exon 1 specific probe) 
ranging in size from 1.95 - 3.5 Kb represent the mature mRNA(s); 
however this assumption may not be valid and in the absence of a cell 
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free translation system for mt RNAs (Chapter 3) cannot be testea 
easily. An alternative approach could be to isolate polysomes,dis-
sociate the m8NA, electrophorese on an agarose gel, blot to nitro-
cellulose and hybridise with a maize COIl specific DNA probe. Many 
yeast mt RNAs carry additional information for example the mRNAs 
encoding ATPase 9 and apocytochrome b have 5' leaders of ca 500 
and ca 940 bases respectively (Grivell et al 1982). 
4.3.6.6 	COIl transcripts in N C S and T type mitochondria 
In C and T type rni.tochondria the seriuences 3' and 5' of the COIl 
gene are known to have undergone alterations compared to the normal 
(N)sequences (A. Dawson pers. cornrnun.) and thus a preliminary inves-
tigat.ion into the effects of these rearrangements on transcription 
and processing of transcripts was made. The CDII polypeptide is 
known to be produced in normal amounts in all four cytoplasms in 
four day old etiolated coleopti].es (C.J. Leaver pers. commun.), 
hence any changes in the transcription of the gene may not be mani-
fested in the final protein products. However studying the effects 
of a DNA rearrangement on CDII transcription may be useful as a 
model for studying the expression of the altered polypeptide thought 
to be involved in cytoplasmic male sterility (Chapter 1 section 1.8.2). 
The rearrangements around the CDII gene in the mt DNA of male sterile 
cytoplasms have not been fully characterised; the present state of 
knowledge can be summarised thus (A.J. Dawson pers. commun.) [NB 
Studies on the rearrangement of CDII sequences have been limited to 
the 'main' copy of CDII, ie that lying on the 2.4 Kb EcoRI fragment.]: 
1) 	No rearrangements around CDII occur within ca 100 bp 5' to the 
AUG codon suggested by Fov and Leaver (1981) to represent the start 
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of the polypeptide coding sequence or ca 700 bp to 3' of the protein 
coding sequence, since pZmEl hybridises to identically sized EcoRI 
fragments from DNA of N C S and T type cytopl.asms. 
2) 	Hybridisation of pZmEl to HindlIl digested N C S and T mt DNA 
identifies two fragments in each case. In N and S type mt DNA these 
fragments are 5.1 and 1.45 Kb. The larger fragment contains the N 
terminus of the gene. In C and I type mt DNA the 1.45 Kb fragment is 
conserved but the 5.1 Kb fragment is replaced by fragments of 3.7 
and 2.8 Kb respectively. These changes are not due to restriction 
site changes since when the 5.1 Kb Hindill fragment is probed against 
a HindJII digest of T mt DNA only one fragment of 2.8 Kb hybridises 
(rather than two of 2.8 and 2.3 expected from the introduction of a 
novel Hindill site). Thus the CDII gene in cms C and T mt DNA has 
undergone rearrangements 5' to the CDII gene in C and T-type mt DNA. 
Nucleotide sequencing has shown that the divergence in T occurs at 
627 bp 5' to the COIl AUG initiation codon. The point of divergence 
in C mt DNA and the nature of any rearrangements downstream from 
CDII in C and I have not been investigated. Since the start point 
of the CDII primary transcript in N mt DNA is not known, it is impos-
sible to draw any conclusions on the possible effect of the DNA re-
arrangement in I on transcription of the CDII gene. From the results 
presented in Fig. 4.15 it is clear that CDII transcripts differ 
markedly fromN 	C and S mt RNA, both in abundant and nonabundant 
forms. Within the resolving power of the gel system there are no 
differences between N and I among the low molecular weight abundant 
transcripts, although there arc seemingly some differences between 
N and T in the high molecular weight species. Hybridisation with the 
intron-specific probe should highlight these differences. Any 
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repeated CDII sequences contributing to the overall pattern of 
transcription (section 4.3.6.2) would considerably complicate the 
picture, but the existence of these 	copies in C S and T mt 
DNA has not been investigated. Identification of the COlI primary 
transcripts in N C S and I mt RNA together with more detailed analy-
sis of the DNA rearrangements should go some way towards explaining 
the differences seen. 
It is possible that in cms C S and T rr.t DNA, the COIl aene is 
present in different genomic 'environments' which alter its expres-
sion. Effects on transcription/initiation would be manifested as 
differences in the primary transcript whereas effects on subsequent 
processing would be seen among the other transcripts. 
4.4 	TRANSCRIPT ANALYSIS OF THE MAIZE MITOCHONDRIAL CDI GENE 
4.4.1 	The maize CDI gene 
The maize mitochondrial gene encoding cytochrorne oxidase subunit I 
was identified by heterologous hybridisation with the corresponding 
yeast and bovine genes. The maize CDI gene has a protein coding 
sequence of 1581 bp and is not split by introns (Isaac et al 1984) 
unlike the homologous gene in S. cerevisiae which contains a strain-
dependent number of introns, for example strain D273-10B contains 
two introns (Nobrega and Tzagoloff 1980) whereas KL14-4A contains 
five introns (LaLowska et al 1980). 
Transcript analysis of this gene was undertaken for the following 
reasons: 
1) 	to determine whether the putative [UI gene is actively 
expressed in the maize mitochondrion 
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2) 	to identify the transcripts of the maize mt COl region and map 
them to the genome. 
The Ml 3rrp8 clones containing defined restriction fragments of the 
maize COl region used in this study were kindly provided by 
Dr. P.C. Isaac. 
4.4.2 	Transcription of the maize mt COl gene 
To identify transcripts of the maize mt COl gene, mt RNA was pre-
pared from etiolated shoots, electrophoresed through a 1.3% (w/v) 
agarose/7% (v/v) formaldehyde gel, blotted to nitrocellulose and 
hybridised with a 32 P labelled DNA probe completely internal to the 
protein coding sequence. The probe used was a 360 bp Mspl fragment 
spanning nucleotides 250 - 610 (clone M2A3)(Fig. 4.17). 
The transcript(s) identified by this probe are shown in Fig. 4.18. 
The probe hybridises to a broad band of mt RNA of approximately 
2.3 Kb. A longer electrophoretic run revealed that this broad band 
in fact represented two transcripts separated by approximately 100 
bases (sized from markers not shown in Fig. 4.18). Prolonged 
exposure of the autoradiograph revealed the presence of a weakly 
hybridising band of approximately 2000 bp. 
4.4.3 	Mapping transcripts of the COl region 
In order to identify in more detail the 5' and 3' ends of the two 
COl transcripts with respect to the protein coding sequence, iden-
tical RNA blots were hybridised with 32 P labelled probes specific 
for certain regions of the gene and its Flanking sequences (see 
Fig. 4.19 a for the location of these probes). These sub-fragments 
extended approximately 810 bp 5' to the AUG codon, and 1,280 bp 3' 
col 
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Fig 4.17 	Origin of the maize GUI specific clone M2A3 used 
to characterise GUI transcripts. 
Thickened bar represents the protein coding sequence. Arrows 
delimit the 360 bp MspI fragment cloned in M].3 (clone M2A3). 
159 
160 
Fig. 4.18 	Transcripts of the maize CU! gene 
Mt RNA was electrophoresed through a 1.3% (w/v) agarose/7 010' (v/v) 	32 formaldehyde gel, transferred to nitrocellulose and hybridised with P 
labelled clone M2A3 (CU! specific DNA probe). 
Track a) 	Size markers: cowpea chiorotic mottle virus RNA, E. coli RNA, 
maize mt RNA and tobacco mosaic virus RNA. These were 
excised from the gel and stained separately. 
Track b) 	Autoradiogram of RNA hybridising to the maize CU! specific 
DNA probe. 
Track c) 	Longer electrophoretic run of mt RNA to resolve the two 
major CU! transcripts. 
>=z 
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to the UAC codon. 50)Jg of mt RNA was loaded into a single well, 
electrophoresed through a 1.3% (w/v) agarose/7% (v/v) formaldehyde 
gel and transferred to nitrocellulose. Parallel strips were hybridi-
sed with 32P labelled DNA probes 1 - 8 as outlined in Fig. 4.19 
The results of this analysis are shown in Fig. 4.19 .. 
ihis mapping experiment showed: 
the major transcripts of the maize CDI gene are two RNAs of 
approximately 2,400 bases and 2,300 bases. In addition probes 5 and 
6 hybridise to a number of low molecular weight RNA molecules. 
the 3' termini of both major COT transcripts map within the same 
DNA fragment (probe 7). This probe spans a region 393 to 634 bp 
downstream from the UAG codon. 
the two transcripts have different 5' termini. The 5' ter-
minus of the higher molecular weight maps within clone 3. This DNA 
probe does not hybridise to the lower molecular weight transcript. 
4.4.4 	51 Nuclease mapping the 5' termini of maize mt COT transcripts 
In order to map in more detail and determine the sequences around the 
5' termini of the two major COT transcripts, 51 nuclease protection 
analysis was undertaken. Nuclease Si from the fungus Aspergillus 
oryzae (Vogt 1973) is an endodeoxyribonuclease and an endoribonuclease. 
The enzyme specifically hydrolyses single stranded polynucleotides 
whereas base paired nucleotides are not hydrolysed. 
If an RNA molecule is hybridised to the coding strand of a DNA restric-
tion fragment which spans the 5' end of the transcripts, and the 
hybrid is digested with nuclease Si, the single stranded tails of 
the DNA:iNA hybrid are digested to yield a DNA:RNA hybrid of length 
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Fig. 4.19 Mapping COl transcripts to the mitochondrial genome 
4.19 a Maize mt RNA was electrophoresed through a 1.3% (w/v) 
agarose/7% (v/v)forrrialdehyde gel, transferred to nitro-
cellulose and hybridised with probes 1 - 8 as shown in 
Fia. 4.19 b. 
Maize mt RNA electrophoresed in a parallel track, excised 
and stained with ethidium bromide provided markers (track m). 
4.19 b Origin of the probes used to map the COI transcripts in 
relation to the COl protein coding sequence (thickened bar). 
Vertical bars delimit the probes used. 
A + sign against a particular probe indicates hybridisation. 
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determined by the position of the 5' of the transcript and the 
restriction enzyme used. The size of the Si resistant DNA can be 
estimated by electrophoresis on polyacrylarside sequencing gels with 
suitable markers. All Si nuclease analysis was carried out with 
double stranded DNA probes which were hybridised to the RNA in high 
concentration formamide buffer, thus favouring DNA:1NA hybridisation 
over DNA:DNA hybridisation (Casey and Davidson 1977). 
4.4.4.1 	DNA probes used for Si nuclease mapping COl transcripts 
Two types of DNA probe were used for Si nuclease mapping: 
M13 single stranded clones labelled by second strand synthesis using 
Klenow fragment of DNA polyrnerase I. Only one DNA strand is labelled 
in this reaction, and this is chosen to be complementary to the RNA. 
DNA restriction fragments labelled at their 5' termini using 14 
polynucleotide kinase and V 
The advantage of M13 probes was the ease with which they were 
labelled by second strand synthesis to a high specific activity 
(5 - 10 x 10 6  dpm/pg). Also since the only strand that is labelled 
is that complementary to the RNA, any hybridisation with transcripts 
from the opposite strand will be undetected. For an unknown reason 
the background observed with these proties is higher than that when 
terminally labelled restriction fragments are used (see for example 
Humphries et al 1982). This may be due to steric effects of the 
M13 DNA on Si digestion (leading to over or under digestion). DNA 
restriction fragments labelled at their 5' ends suffer the potential 
disadvantage that if the strands are not separated on an alkaline 
agarose gel prior to hybridisation with the RNA, and if both strands 
are transcribed, a dual set of DNA:RNA hybrids will be formed. 
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Both types of labelled probe were used for Si nuclease analysis of 
CCI transcripts. The probes used were as follows: 
M13 r'p8 probes labelled by second strand synthesis 
Clone H2C2. This 354 bp Hae 	clone hybridises to the higher 
molecular weight CCI transcript but not to the lower one. This probe 
was therefore used to map the 5' terminus of the higher molecular 
weight transcript. 
Clone M3A3. This 760 bp Mspl clone spans the start of both COI 
transcripts. 
Double stranded DNA restriction fragment labelled at its 5' terminus 
1) A 760 bp Mspl fragment identical to that contained in clone M3A3. 
In order to isolate this fragment, plasmid pBN6601 (a 3.9 Kb 
BamHl/EcoRI fragment of mt DNA containing the entire CCI gene and 
L1j( LV_' tM 
2319 bp of flanking sequences cloned in PAT153A)  was digested with 
pI (Fig. 4.20 a). The 760 bp 	pl  fragment was eluted from the 
gel, the 5' terminal phosphates removed using CIP, and labelled at 
the 5' termini using V 32PdATP and T4 polynucleofide kinase. The 
purity of the lahelled fragment was checked by electrophoresis 
through a 4% (w/v) polyacrylamide gel followed by autoradiography 
(Fig 4.20 b). The genomic locations of the probes used for Si 
nuclease mapping is shown in Fig. 4.21. 
4.4.4.2 	Nuclease Si mapping CDI transcripts with MU clone H2C2 
M13mp8 clone H2C2 (approximately l).ig of single stranded DNA) was 
labelled by second strand syrthesis to a specific activity of 
ca 5 - 10 x 10 6  dpm/pg. The labelled DNA was divided into three equal 
aliquots and ethanol precipitated with other nucleic acids as follows: 
1) DNA only control - indicates the amount of renaturation that has 






































Fig 4.20 	Purification and 5' labelling of a 760 b 	2I 	C.Q.1 fragment 
4.20a 	pBN6601 was digested with MspI and electrophoresed on a 6% (w/v) 
polyacrylamide gel. Markers were provided by pBR328 digested with Sau 3A. 
4.20b 	The MIspI 760 b fragment was 32P labelled at its 5' terinini 
using 14 polynucleotide kinase and y 32P dATP. The purity of the labelled 
fragment was assessed by electrophoresis on a 4% (w/v) polyacrylamide gel 
followed by autoradiography. 
X174 digested with Bsp RI similarly 3 2p labelled provided markers. 
uIpJ-,J 
5' 	 col 	3! 
M3A3 /Msp 760 
H2C2 
Fig. 4.21 
Fig. 4.21 	Locations of the COI probes used for SI mapping the 5' 
termini of the maize mtCOI transcripts 
Protein coding sequence is represented by thickened bar. Vertical 
lines delimit the 5' and 3' ends of the DNA probes used. 
quenching with ice cold Si buffer after the hybridisation reaction is 
not sufficiently rapid (Sharp et al 1980). 
DNA+tRNA control - 32P labelled DNA was ethanol precipitated 
with 15 - 25jg E. coli tRNA. This control is a measure of any non-
specific hybridisation of the DNA with RNA. 
DNA + mt RNA - 32P labelled DNA was ethanol precipitated with 
15 - 25pg maize mt RNA. This formed the actual experimental hybridi-
sation. 
The co-precipitated nucleic acids were resuspended in hybridisation 
buffer (Chapter 2) and submerged in a water bath at 8°C for 15 min-
utes to denature the DNA strands. The tubes were rapidly transferred 
to a water bath set at the required temperature where they were incu-
bated submerged for 3 hours. The required hybridisation temperature 
was calculated from the formula presented in Chapter 2, section 
2.2.5.3. Clone H2C2 insert has a (G + C) content of 41.4%. Thus the 
DNA:DNA Tm of this fragment in the hybridisation buffer is ca 35°C. 
A range of hybridisation temperatures were chnsen which were 
DNA +5°C, +8°C and ±11°C. All three hybridisation temperatures 
gave identical results but the strongest signal with least background 
was obtained at hybridisation temperatures of Tm  DNA:DNA +8°C 
(= 43°C in this case). 
The DNA:RNA hybrids were treated with Si nuclease at 400 U/mI at 
37°C for 20 minutes. The Si nucleae concentration was arbitrarily 
chosen as the effect of a range of Si nuclease concentrations on 
quantity and electrophoretic mobility of DNA:RNA hybrids was not 
investigated. The concentration of Si nuclease added is apparently 
not critical as a tenfold increase does not affect the mobility or 
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quantity of DNA:RNA hybrids formed in protective experiments with 
adenovirus transcripts (Sharp et al 1980, John Clark pers. commun.). 
After phenol extraction the DNA:RNA hybrids were denatured and elec-
trophoresed on 6110' (w/v) polyacrylarnide/8M urea sequencing gels in 
parallel with the products of an M13 sequencing reaction. 
Fig. 4.22 shows the Si nuclease resistant DNA:RNA hybrid formed with 
probe H2C2 (arrowed). The length of the protected DNA fragment was 
calculated by determining with which base of the M13 sequencing reac-
tion it co-migrated. (A sequencing reaction using Clone H2C2 template 
DNA identical to that used in the Si reaction was used as a marker.) 
Accounting for the 'smile' of the gel, the Si nuclease protected DNA 
fragment co-migrates approximately with the C residue denoted by an 
asterisk in Fig. 4.22. This of course does not mark the 5' terminus 
of the high molecular weiqht transcript, since the length of the 
marker track must be adjusted for the additional sequence present 
between the 5' end of the pentadecarner primer and the cloning site 
used in the polyclonal linker (Smal). In this case therefore, the 5' 
bJ 
terminus 1 the transcript maps approximately 64 bp upstream from this 
fkJ 
C residueG*. The length of the protected hybrid is therefore 104 bp 
from the HaeIII site. 
Hence the DNA sequence around the start of the higher molecular 
weight transcript is 
* 
5' CATAAGTAATC 3' 
where * represents the approximate 5' end of the higher molecular 
weight transcript. The distance between the 5' end of the CDI higher 
molecular weight transcript and the AUG codon is therefore approxi- 
mately 156 bp. 
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Fig. 4.22 	Si nuclease mapping the 5' end of the maize COl higher 
molecular weight transcript 
M13 clone H2C2 which contains the start point of the higher molecular 
weight transcript was 32 P labelled by second strand synthesis and 
hybridised with 25g maize mt RNA. Hybrids were digested with Si 
nuclease (400 U/ml) and electrophoresed through a 00' (w/v) poly-
acrylamide/8M urea sequencing gel. 
Track a) 	H2C2 plus 25ig mt RNA 
Track b) H2C2 plus 25pg yeast tRNA 
The size of the Si protected DNA:RNA hybrids were estimated by align-
ment with an M13 sequencing ladder of clone H2C2. 
The most strongly protected band is marked -. 
marks the G residue with which the strongest Si protected band 
co-migrates. 
Note that the marker track was not immediately adjacent to tracks a 
and b, and thus the 'smile' of the gel has been taken into account 













4.4.4.3 	Nuclease Si mapping CDI transcripts with M13 clone M3A3 
M13mp8 clone M3A3 (approx.lpg) was labelled by second strand syn-
thesis to a specific activity of > 10 6  dpm/ug. The DNA was divided 
into three equal aliquots and precipitated 	with 	DNA, tRNA and 
mt RNA as described in section 4.4.4.2. The co-precipitated nucleic 
acids were resuspended in hybridisation buffer and denatured as 
before. The tubes were rapidly transferred to a water bath at the 
hybridisation temperature of 43°C. This was calculated to be 8°C 
above the Tm  DNA:DNA of clone M3A3 insert (43% [C + C]). Hybridisa-
tion was allowed to proceed for three hours, after which the DNA:RNA 
hybrids were treated exactly as described in section 4.4.4.2. 
Fig. 4.23 shows the Si nuclease protected DNA:RNA hybrids formed 
with probe M3A3. Clearly both the low molecular weight and the high 
molecular weight transcripts have formed DNA:RNA hybrids of different 
length. In order to determine accurately the 5' start points of 
these two transcripts, an electrophoretic run of six hours was carried 
out. Markers were provided from a chain termination sequencing 
reaction of M3A3. The major protected DNA fragment generated by 
hybridisation with lower molecular weight transcript (denoted by 
large ciced arrow) migrates with a thymidine residue denoted by an 
open arrow on the autoradiogram. This T residue is 141 bp from the 
pI cloning site (AccI). Hence the length of the protected fragment 
is 141 bp + 54 bp contributed by the pentadecamer primer and the 
polyclonal linker up to the AccI site. Thus the total length of 
the protected fragment is 195 bp, and the sequence around the start 
of the lower molecular weight transcript is 
* 
5' CCTTCATTC'FTT 3' 
where * represents the approximate 5' end of the lower molecular weight 
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Fig. 4.23 	Si nuclease mapping the 5' ends of the maize mt Clii 
transcripts 
Clone M3A3 was 32P labelled by second strand synthesis and hybridised 
with 2.5pg mt RNA (track b) and 25pg yeast tRNA (track a). Hybrids 
were digested with Si nuclease (400 U/ml) and electrophoresed through 
a 6100' (w/v) polyacrylamide/8M urea sequencing gel. 
The size of the Si riuclease protected DNA hybrids were estimated by 
aJ.iqnment with an M13 sequencing ladder of clone M3A3. 
Si protected hybrids are denoted by closed arrows. 
Open arrow denotes I residue with which lower molecular weight trans-














transcript. The distance between the 5' end of the lower molecular 
weight transcript and the AUG codon is therefore approximately 61 bp. 
The long electrophoretic run (6 hrs) did not sufficiently resolve the 
DNA marker fragments to allow an approximate estimate of the size of 
the larger protected fragment. However it is clear that both the 
larger and the smaller protected fragments have resolved into groups 
of bands. The higher molecular weight transcript seems to generate 
three protected fragments and the lower molecular weight transcript 
generates two. 
4.4.4.4 	Nuclease Si mapping COT transcripts with the 5' 
labelled 760 MspI fragment 
This experiment was carried out in the Department of Biochemistry, 
University of Amsterdam. The 5' 32  P labelled 760 bp MspI restric-
tion fragment was hybridised with mt RNA exactly as described for 
clone M3A3 in section 4.4.4.3. DNA only and DNA + LRNA controls were 
also set up. The DNA:RNA hybrids were treated with Si nuclease as 
before except that the final concentration of Si was 100 U/mi instead 
of 400 U/mi. The protected hybrids were electrophoresed on a 6% (w/v) 
polyacrylamide/BM urea sequencing gel. A long electrophoretic run 
(6 hr) sufficiently resolved the DNA marker tracks to allow the 
approximate size of the larger protected hybrid to be determined 
(Fig. 4.24). Size markers were provided by a sequencing ladder of 
a yeast mt DNA MboT clone in M13mp8 provided by M. de Haari. 
Lower molecular weight transcript: 
The protected hybrids from the lower molecular weight RNA species 
forms a diffuse band. This band co-migrates with a C residue in the 
marker DNA track (denoted by *). This allowed the size of the pro-
tected fragment to be estimated at approximately 197 bp. Thus, the 
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Fig. 4.24 	Si nuclease mapping the 5' ends of the maize mt COT 
transcripts 
A 760 bp M,El fragment was 	labelled at its 5' termini using T4 
polynucleotide kinase and V PdATP. The labelled DNA was h'bridised 
with l5jig mt RNA (track c) and 15pg yeast tRNA (track b). Track a 
represents input DNA not digested with Si nuclease. Si protected 
fragments are denoted by closed arrows. The sizes of the Si nuclecse 
protected fragments were estimated by alignment with an M13 sequencing 
ladder of a yeast mt DNA M13 clone. 
Open stars mark the residues of the sequencing ladder with which the 
protected fragments co-migrate. 
The open arrow denotes a faint high molecular weight Si nuclease 
protected band. 
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sequence around the start of the lower molecular weight transcript 
is 
* 
5' CATTCTTT 3' 
where * represents the predicted 5' end of the transcript, which 
places the 5' end of the lower molecular weight transcript 57 bp from 
the AUG initiation codon. 
Higher molecular weight transcript 
The DNA fragment protected by the higher molecular weight transcript 
is again resolved into three discrete bands by this probe, separated 
by approximately 10 - 20 bases. The significance is not clear since 
multiple bands were not observed with the probe H2C2; however this 
may be simply due to a difference in specific activity of the probes 
used and the length of exposure to X-ray film. These groups of bands 
are discussed later (section 4.4.5) and only the uppermost is con-
sidered here. The protected fragment co-migrates with an A residue 
(marked *) and the length of the protected fragment is approximately 
287 bp. The sequence around the higher molecular weight transcript is 
* 
5' CATAAGTAATCC 3' 
where * denotes 5' end of the transcript, which is ca 152 bp from the 
COl AUG initiation codon. 
In addition to these protected hybrids a third very high molecular 
weight fragment is detected (not reproduced in Fig. 4.24 but denoted 
by > ), of slightly lower molecular weight than the input 760 bp 
pI DNA restriction fragment. It is not observed in the DNA:tRNA 
control and thus cannot represent a DNA:DNA renaturation intermediate 
(Sharp et al 1980). Since it was not observed when single stranded 
MU probes were used for Si mapping, it is possible that it represents 
a hybrid formed with a transcript initiating from the opposite DNA 
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strand. 
4.4.4.5 	Summary of nuclease Si mapping data 
The 5' terniini of the two major COT transcripts have been approxi-
mately mapped to the genome and the sequences around the start of 
the two transcripts identified. 
The 5' end of the higher molecular weicht transcript maps within 
the sequence 
* 	* 	149bp 
51 CATAAGTAATC 3' .....AUG 
where * denote the 5' ends as determined in two separate experiments 
using different probes labelled by different means. 
The 5' end of the lower molecular weight transcript maps 
within the sequence 
54 bp * 	* 
5' CCTTCATTCTTT 3' . . . . AUG 
where * denote the 5' ends as determined in two separate experiments 
using different probes labelled by different means. 
4.4.5 	COT transcripts in N C S and I mt RNA 
Rearrangements of the COl gene in male sterile maize lines have not 
been extensively investigated. Those that are known to exist are 
discussed in section 46.6.6. 
Mt RNA prepared from N (nuclear genotype 3541), N C S and T (all 
nuclear genotypes WF9) was electrophoresed on a 1.3% (w/v) agarose/ 
7% (v/v) formaldehyde gel, blotted to nitrocellulose and hybridised 
with a probe specific for the COT protein coding sequence (clone M2A3) 
[Fig. 4.251. 
The two major transcripts hybridising to the internal COT gene probe 
are identical in all four cytoplasms, and in normal cytoplasms from 
iE: 
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Fig. 4.25 	COl transcripts in N, C, S, and I type mt RNA 
Mt RNA was isolated from N (nuclear background 3541) and 
N, C, S,and I (all nuclear background WF9) type mitochondria, 
electrophoresed on a 1.3% (w/v) agarose /7% (v/v) formaldehyde 
gel, blotted to nitrocellulose and hybridised with a COl specific 
M13 clone (M2A3) 32p labelled by second strand synthesis. 
Markers were obtained by staining the nitrocellulose with 
ethidjum bromide to visualise the rRNAs. 
10 ig of each type of RNA was loaded in each track. 
two different nuclear backgrounds. Prolonged exposure of the auto-
radiograph reveals some changes in the minor bands detected in 
section 4.4.2. 
4.4.6 	Discussion 
4.4.6.1 	Transcripts of the maize COl gene 
Transcript analysi3 of the CDI gene has shown that the gene is p4&9 
transcribed in the maize mitochondrion. The maize COT gene 
is seemingly transcribed in a much less complex manner than COil. 
Northern blotting has identified two strongly hybridising transcripts 
of approximately 2.4 and 2.3 Kb. Prolonged exposure of the auto-
radiograph reveals another very faintly hybridising band of approxi-
mately 2.00. The significance of this minor transcript is not 
clear. It is possible that it results from transcription of the 
non-coding COT strand. Although this is unlikely because strand 
specific probes were used in all these experiments, subsequent inves-
tigations have shown (section 4.5.2) that secondary hybridisations 
between the separated strands of the M13 DNA can occur. Thus the 
unlabelled template DNA may hybridise to transcripts of the non- 
32 cooing strand, and the 	P labelled MU DNA resulting from second 
strand synthesis hybridises to its complement. In this way trans-
cripts from the non-coding strand which should not be detected with 
strand specific probes appear as faintly hybridising bands super-
imposed on the strongly hybridising transcripts of the 'coding 
strand'. A non-coding strand origin for these minor transcripts 
could easily be investigated using M13 probes specific for that 
strand. Any transcripts from the CDI 'non-codinç' strand would 
appear as strongly hybridising RNAs superimposed on the faintly 
hybridisirig CDI transcripts. It his been assumed that since these 
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two transcripts are the only major RNA molecules hybridising to 
the gene specific probe one or both must represent the mature mRNA(s). 
In the absence of a cell free translation system (Chapter 3) this 
cannot be proven, other than by isolation of polysomes and characteri-
sation of the GUI mRNA. 
Both major CUT transcripts are far longer than required to specify 
the corresponding polypeptide (1581 bp). This means both transcripts 
(ca 2.4 and 2.3 Kb) carry 700 and 600 bases 	of additional 
sequence information respectively. Mapping experiments have shown 
that the vast majority of this additional sequence is carried at 
the 3' end of the transcript. 
In S. cerevisiae the transcripts of the C0I gene are of course more 
complex since up to nine introns in strain KL14-4A or seven in 
strain D273-108 (Hensgens et al 1983, Bonitz et al 1980) must be 
spliced from the precursor RNA. The mature mRNA of the S. cerevisiae 
COT gene is approximately 2,100 nucleotides long (Hensgens et al 
1983) containing 630 bases of additional information. However, in 
contrast to the maize COT transcript, most of this additional 
sequence is in the form of a long 5' leader, transcription being 
initiated 540 bp 5' from the AUG start codon (Osinga etal 1984). 
Additional information present in most yeast mt transcripts 
generally takes the form of a long 5' leader rather than an extensive 
3' tail. For example the S. cerevisiae COB and ATPase 9 mature 
mRNAs have 5' leader sequences of ca 940 and 500 nucleotides respec-
tively, while their 3' trailing sequences are ca 100 and 70 nucleo-
tides respectively (Hensgens et al 1979). 
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The exception to this is the yeast COIJI mature mRNA which contains 
2940 bases of additional sequence. Si nuclease mapping has shown 
that the mRNA has a 5' leader of 490 bases and a 3' extension of 
2450 bases (in strain D 273 - 108, Thalenfeld et al 1983). Although 
COIlI is known to be co-transcribed with tRNA Phe  and tRNA 
Val
this 
additional sequence is not part of a precursor since these polycis-. 
tronic species are processed too rapidly to be detected in Northern 
blots. Thalenfeld et al (1983) argue that since in S. cerevisiae 
strain LL20 the 3' trailing region is reduced by 2 K bases it 
cannot play any major role in the expression of the yeast COIJI 
gene. 
An alternative explanation for the long 3' trailing sequence of the 
maize COl transcript is that it forms a polycistronic mRNA with 
coding sequences downstream of the COT gene. However no open reading 
frames or tRNA-like structures have been fcund in this region 
(P.C. Isaacs pers. commun.). 
Recently the COIl transcripts in wheat have been mapped and shown to 
have 5' leaders of 200 and 3' extensions of 500 bases (Bonen et al 
1984). It is possible therefore that long 3' tails may be a charac-
teristic of higher plant mt transcripts. 
Although the 3' termini of the COI transcripts have not been mapped 
using Si nuclease, they are known to terminate between 393 and 634 
bases from the UAG codon. The difference in the 5' position of the 
two COl transcripts (ca 95 bases) is probably sufficient to account 
for the size difference of the two major transcripts and therefore 
they are likely to share a common termination site. 
:' 
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4.4.6.2 	Origin of two COl transcripts 
Several models can be proposed to account for the presence of two 
major COl transcripts. 
There are two or more copies of the COl gene in maize mt DNA, 
giving rise to transcripts of slightly different molecular weights. 
There are two separate transcription initiation events generat-
ing two transcripts differing by ca 95 bases. 
The higher molecular weight transcript represents the primary 
transcript which is then processed to generate the lower molecular 
weight transcript. 
Neither of these transcripts represents the primary transcript, 
but are both generated by very rapid processing of a primary trans-
cript which is not detectable by Northern blotting. It should be 
relatively easy to distinguish between these models. 
There is no evidence for more than one copy of the COT gene in N 
type mt DNA (P.C. Isaac, pers. commun.). 
Two separate transcription initiation events giving rise to the two 
transcripts implies that the two initiation points have sequence 
homology if acting as promoters for a single RNA polymerase (as is 
thought to be the case in the yeast mitochondria, Tabak et a]. 1983). 
Conversely processing of the higher molecular weight transcript to 
generate the lower molecular wcight RNA would not necessarily pre-
dict any sequence homology, since different enzymes are likely to be 
involved in transcription initiation and processing. 
The sequences around the 5' Lermini of the COl transcripts are 
discussed in the following section (4.4.6.4). 
The primary transcript of the maize CDI could be detected in one of 
two ways:- 
1) 	Using the guanylyl transferase assay ["Capping" (Edwards et al 
1983)]. As outlined in section 4.3.6.2, this assay distinguishes 
between transcripts arising from a transcription initiation event and 
those arising from processing of primary transcripts. The enzyme 
[which has been purified from Vaccinia virions, HeLa cells (Shuman 
and Hurwitz 1982) and calf thymus (Nistukawa and Chambon 1982)] is 
involved in capping eukaryotic and viral mRNAs (reviewed by Shuman 
and Hurwitz 1982). It catalyses the transfer of GMP from GTP to the 
5' terminus of RNA to form the cap structure pGpppX. Only RNAs con-
taining 5' di- or tn-phosphate end can act as substrates for the 
enzyme. RNAs containing a 5' monophosphate or 5' OH terminus are 
not suitable substrates. Since the only known mechanism for the 
production of RNAs with 5' di- or tn-phosphate is transcription 
initiation, then the enzyme uniquely labels RNA molecules which are 
primary transcripts. 
Edwards et al (1983) have reported that in the capping assay, where 
there are many potential transcription initiation sites low abundance 
mRNAs need to be enriched in some way in order to characterise capped 
RNAs. In yeast any mt mRNA can be enriched by isolating it from 
a suitable petite yeast strain where particular regions of the mt 
genome have become amplified. In maize initochondria an obvious way 
of enriching for an mRNA is by "hybrid release" (Goldberg et al 1979). 
The transcripts specific for COI generated by hybrid release could 
then be capped in vitro with guanylyl transferase and sequenced 
directly by a modification (Peattie 1979) of the Maxam and Gilbert 
procedure. Comparison of the RNA sequence with the DNA sequence 
upstream from CDI would thus identify the start point(s) of any 
CDI primary transcript(s). 
2) 	As outlined in section 4.3.6.2, primary transcripts could also 
be identified by the use of an in vitro transcription system using 
purified mt RNA polymerase. Such an in vitro system has been exten-
sively used in the characterisation of S. cerevisiae primary trans-
cripts (see for example Tabak et al 1983). Crude preparations of mt 
RNA polymerase can easily be prepared according to published pro-
cedures (Levens et al 1981). The system could be primed with suit-
able restriction fragments of the maize CDI region as templates, 
and the length of any "run-off" product(s) measured. In this way 
the start point of the primary transcripts could be determined. 
44.6.3 	DNA sequences at the 5' ends of the two major CDI 
transcripts 
51 nuclease analysis has shown that the two major CDI transcripts 
start at approximately 57 and 152 bases 5' from the AUG initiation 
codon. The DNA sequences determined by Si nuclease mapping to be 
at the start points of both transcripts were examined for any simi- 
larities to each other and to the putative promoter sequence thought 
to be important in transcript initiation in yeast mitochondria 
(Osinga and Tabak 1982). 
The DNA sequences around the 5' ends of both major CDI transcripts 
show no homology to each other: 
* 	* 
5' CATAAGTAATC 3' 	bMW CDI transcript 
5' CCTTCATTCTTT 3' 	LMW CDI transcript 
* 	* 
* represents the starts of transcription determined in two scparate 
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experiments. 
Whilst no putative promoter sequence(s) has yet been identified in 
plant mitochondria, the lack of any sequence homology around the 
starts of these transcripts would argue against both resulting from 
separate transcription initiation events if plant mitochondria have 
a single RNA polymerase. 
The DNA sequence around the 5' end of the high molecular weight 
transcript shows considerable homology to the putative promoter 
sequence in yeast mitochondria 
(1) 	* (A) IATAAGTA 3' 
I lII III 





maize COT HMW 
transcript 
* marks the first transcribed base, vertical lines indicate homo-
logous sequences. 
In yeast a nonanucleotide sequence is always found at points where 
transcription and DNA replication is initiated in vivo; genes lacking 
this 5' motif have been shown to be transcribed as part of a poly-
cistronic precursor (reviewed in Tabak et al 1983, Edwards et al 
1983, Osinga et al 1984). This nonanucleotide sequence is thought 
to be an essential part of a yeast mt promoter in view of its loca-
tion, and the fact that when it is absent in petites, gene trans-
cription is not correctly initiated (Thalenfeld et al 1983, Osinga et 
al 1982) 
The DNA sequence around the maize high molecular weight COT trans-
cript shows 7/9 or 8/9 homology to the yeast putative promoter (the 
first nucleotide of the yeast putative promoter is usually A but 
can be T; Tabak eta.1 1983). If this consensus is found upstream 
from any other maize nit genes it would strongly suggest that it 
formed part of a maize rnitochondrial promoter which is related to 
that of yeast. Recently the 5' end of the wheat COIl gene transcript 
has been mapped to the genome by Si nuclease mapping and shown to 
start approximately 175 (t 10) bp from the AUG initiation codon 
(L. Bonen pers. comrnun.). Comparison of the sequence around the 
transcript 
start of the wheat C011Awith  that of the maize COl HMW transcript 
and the yeast putative promoter sequence reveals striking homologies: 
wheat COIl 	5' 
yeast 	 5' 
maize COl HMW 5' 
	




I CATAAGTAA 3' 
* marks the first base of transcripts. In wheat, the start point 
of the COIl transcript has not been accurately determined. 
Comparison of the DNA sequence around the start of the maize coi HMW 
transcript with the only other higher plant mitochondrial RNA to be 
mapped to the genome reveals an even more striking homology. Beta 
vulgaris mitochondria contain a 1.44 Kb 'plasmid like' circular DNA 
molecule. This circular molecule is transcribed yielding a major RNA 
product of 850 bases (Munk Hansen and Marcker 1984). The sequence 
around the 5' end of this transcript is compared with that of the 
maize [01 HMW transcript below 
** 
5' CTAAAATCATAAGTGATAT 
A GAAAC T CA T AAG I AA ICC 
* 	* 
3' 	Beta vulgaris 
1440 bp plasmid 
transcript 
maize [01 HMW 
transcript 
* represents the possible first base of transcripts, vertical lines 
indicate identical bases. 
Thus the homology around the start of these two mitochondrial 
transcripts in two different higher plants is 13/15. Thereafter 
homology drops off rapidly. 
Clearly, identification of the DNA sequence around the start points 
of the primary transcripts of other plant mt genes is necessary to 
determine whether these homologies have arisen by chance or whether 
they represent part of a plant mitochondrial promoter. 
The DNA sequence around the 5' end of the LMW COl transcript does not 
show any homology to the yeast nonanucleotide putative promoter 
sequence, nor to the DNA sequence around the 5' end of the Beta 
vulqaris mt plasmid transcript, nor to the wheat CDII transcript. It 
does however show 6/12 homology to the dodecamer sequence thought to 
be involved in processing (as opposed to splicing) of yeast mt polycis-
tronic transcripts (Osinga etal 1984). 
5' AATAATATTCTT 3' 
I 	11111 
5' CCCTTCATTCTT 3' 
4- 
yeast dodecamer sequence 
maize COI LMW transcript 
In yeast rnitochondria this dodecamer sequence is found 3' from 
nearly all protein coding genes and is thought to represent a pro-
cessing point for the generation of mature transcripts from polycis- 
tronic messages (rather than as a signal for transcription termination, 
see Chapter 1 section 1.6.3). If this were the case in maize mitochon-
dna, and the 6 out of 12 homology with the yeast dodecamer sequence 
is significant, then the lower molecular weight COl transcript could 
arise either from processing of the higher molecular weight trans-
cript or from very rapid processing of an even higher molecular 
weight transcript not detected on Northern blots. Clearly however, 
identification of the CDI primary transcript(s) and analysis of the 
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transcripts of other plant mt genes is necessary before predictions 
of this sort can be made with any confidence. 
4.4.6.4 	Possible heterogeneity of the COT transcripts 
The 5' ends of both major COT transcripts do not generate sharp 
hands when subjected to 51 nuclease analysis. The HMW transcript 
appears to resolve into three groups of bands separated by ca 10 - 20 
bases. The lower molecular weight transcript resolves into two 
groups of bands. This effect is unlikely to be due to incomplete or 
over digestion by Si since the same pattern is seen over a four fold 
range of Si concentrations. One possible explanation is that the 5' 
ends of the COT transcripts are ragged 
Ragged ends have also been found for the 3' end of the S. cerevisiae 
ATPase 9 transcript (Thalenfeld et al 1983) and for the 55 and 185 
rRNAs in wheat mitochondria (Spencer et al 1981, Schnare and Gray 
1982, Spencer et al 1984). Primer extension (Ghosh et al 1978) 
using synthetic oligonucleotides or suitable restriction fragments 
would confirm whether these ragged ends of the COT transcripts detec-
ted by Si nuclease analysis are real phenomena, and not artefacts of 
Si digestion. 
4.4.6.5 	COT transcripts in N C S and T mitochondrial RNA 
Rearrangements associated with the COT gene in cms C S and T mito-
chondrial DNA have not been extensively investigated (P.G. Isaac pers. 
commun.). However it is known that: 
1) 	In S mt DNA there are repeated copies of the COT gene. Two 
Kb 
HindlIl fragments of 10.0 and 8.8hybridise strongly to an internal 
COT probe, as well as four fragments of 8.79,6.3 (x 2) and 4.9 Kb 
which hybridise weakly. At least one of the copies of the COT gene 
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in S mt DNA is complete. 
Sequence analysis 5' of one of the S mt DNA CDI genes reveals 
a major rearrangement 174 bp 5' from the AUG initiation codon. Up 
to the point of rearrangement the sequence is identical with N mt DNA. 
Thereafter S mt DNA shows extensive homology with the 208 bp terminal 
inverted repeat of the episomal DNAs 51 and 52 (section 1.8.2.2). 
In cms T mt DNA a rearrangement occurs 3 - 5 Kb 3' to the UAG 
termination codon. Hybridisation data indicates that whereas a 
9.2 Kb [caRl fragment of N mt DNA hybridises to a gene internal probe, 
in T a 7.2 Kb fragment is identified. More extensive mapping data 
suggests that the alteration occurs between 3 and 5 Kb downstream of 
the 3' end of the gene. 
Rearrangementof CDI in C mt DNA have not been investigated. 
It can be concluded that since no differences were found in RNAs 
from N C S and T mt RNA hybridising to COT DNA probes, these re-
arrangements do not have any significant effect on transcription of 
CDI. The significance of the changes detected in weakly hybridising 
transcripts is not known. 
It is particularly striking that the rearrangement occurring 174 bp 
5' from the COI initiation codon does not affect the pattern of 
transcripts hybridising to the CDI specific probe. Since the higher 
molecular weight COI transcript iniLiates around 152 bp from the AUG 
initiation codon, it is likely that this RNA species actually repre-
sents the primary transcript. A primary transcript which was initia-
ted further upstream would most likely be affected by the rearrange-
ment occurring in S mt DNA. Alternatively if both COT major 
transcripts are processed from a larger primary transcript this 
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could still be processed correctly in S mitochondria since the 
processing site (assumed to be around the 5' start of the COI 
transcript) is not altered in S mt DNA. In this case however the 
secondary structure of the primary transcript would be completely 
different from N mt RNA, and this may affect processing. Identifi-
cation of the primary COT transcript would resolve these possibili-
ties. 
4.5 	TRANSCRIPT ANALYSIS OF THE MAIZE APOCYTOCHROME b GENE 
4.5.1 	The maize COB gene 
The maize mitochondrial gene encoding apocytochrome b was identified 
by heteroloq3ushybridisation with the corresponding yeast and bovine 
probes (Dawson et al 1984). The maize COB gene has a protein coding 
sequence of 1164 bp and, unlike the homologous gene in S. cerevisiae 
which contains a strain-dependent number of introns [for example 
'long' strains KL 14-4A and 777-3A COB contains five introns (Borst 
1980) whereas the 'short' strain D273 108 contains only two and lacks 
the first three (Labouesse and Slonimski. 1983)], the maize gene is 
not split. 
Transcript analysis of the maize COB gene was undertaken for the 
following reasons: 
To determine whether the putative COB is actively trans-
cribed in the mitochondrion. 
To identify the transcripts of the maize COB gene and to under-
take some preliminary mapping experiments. 
The M13mp8 clones containing defined restriction fragments of the 
maize COB region used in this study were kindly provided by 
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Dr. A.J. Dawson. 
4.5.2 	Transcript analysis of the maize COB gene 
Three COB protein coding sequence 3pecific probes were used to 
analyse the transcripts of the putative maize COB gene: 
pZmEH680; a 680 bp EcoRl/Hindill clone of mt DNA in pBR328. 
The insert of this clone contains 680 bp of COB sequence completely 
internal to the protein coding sequence 
M13 clone 979 
M13 clone 640. Both M13 clones contain the same insert as 
pZmEH680. Clone 640 contains mt DNA inserted in the M13 vector mp8 
and the sequence of the newly synthesised DNA strand from this tern-
plate (when 	P labelled by second strand synthesis) is identical to 
that of the COB mRNA. Hence the probe should only hybridise to trans-
cripts from the 'non-coding' strand. Clone 979 contains the same 
DNA fragment in mp9. The insert is therefore in the opposite orient-
ation and should hybridise to COB transcripts. The genornic positions 
of the DNA probes used in this study are shown in Fig. 4.26. 
40pg of maize mt RNA was loaded into a single well Scm wide, elec-
trophoresed through a 1.3% (w/v) agarose/7% (v/v) formaldehyde gel 
and transferred to nitrocellulose. Parallel strips were cut from 
the biot and hybridised with the three probes pZrnEH680, 979 and 640. 
The hybridisation pattern obtained is shown in Fig. 4.27. 
The transcript patterns identified with nick-translated pZmEH680 and 
clone 979 labelled by second strand synthesis are identical. Both 
identify a major transcript of ca 2.25 K bases (presumed to be the 
mRNA), an additional strongly hybridising band of ca 4.2 K bases and 
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Fig 4.26 	Origin of the probes used to characterise COB 
transcripts 
Thickened bar represents the protein coding sequence. 





Fig. 4.27 	Identification of transcripts of the maize COB gene 
Maize mt RNA was electrophoresed through a 1.31% (w/v) agarose/7% 
(v/v) formaldehyde gel, transferred to nitrocellulose and hybridi-
sed with clones 979 (track a), pZmEH680 (track b) and 640 (track c). 
RNA markers were run in parallel tracks, excised from the gel after 
electrophoresis and stained with ethidiurn bromide separately. RNA 
markers were cowpea chiorotic mottle virus (CCMV), C. coli, maize mt 
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reveals a very high molecular weight transcript homologous to clone 
979. The molecular weight of this transcript can only be very 
approximately estimated due to the lack of suitable RNA markers in 
this size range. However, it may be greater than 9 Kb. The fact 
that both a pBR328 derived clone and an M13 clone gave an identical 
hybridisation pattern shows that: 
1) 	vector homology makes no significant contribution to the pat- 
tern observed and 2) 	the majority of transcripts hybridising must 
come from the COB encoding strand. Clone 640 which had the same 
total and specific activity as 979 hybridised only weakly to the RNA 
blots, and the hybridising RNA species co-migrated with those detected 
with clone 979 and pZmEH680. It is thus very unlikely that these 
represent genuire transcripts from the opposite strand. As des- 
cribed in section 4.4.6.2, this apparent homology probably arises 
because the single stranded non-labelled template hybridised to the 
RNA is annealing with the M3 sequences in the 32P labelled strand 
generated by second strand synthesis. The amount of hybridisation 
is lower presumably because a second order reaction is involved 
rather than a first order reaction as for directly complementary 
sequences. Thus any transcripts encoded by the opposite strand 
would be detected as more strongly hybridising bands on the faintet' 
background. Since these are not seen, it is very unlikely that 
the non-coding COB strand (which contains an open reading frame of 
186 bp (A.J. Dawson pers. commun.) is transcribed in the tissue 
studied. 
4.5.3 	Transcript analysis of COB transcripts using an upstream probe 
Preliminary investigations into the map positions of the various 
COB transcripts were carried out using the M13mp9 clone, 652. This 
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This clone contains a 2.5 Kb EcoRl/Hindill insert, the 3' end of 
which lies 1370 bp 5' from the COB AUG initiation codon (Fig. 4.26). 
Mt RNA was electrophoresed through 1.3% (w/v) agarose/7 0,0' (v/v) 
formaldehyde gel and blotted to nitrocellulose. Parallel strips 
were excised and probed with clones 652, 979 and 101 (an M13 clone 
containing the same insert of pLmH1790). The transcripts identil-
fied by each probe are shown in Fig. 4.28. 
Clones 101 and 979 identify an identical pattern of transcription 
to that shown in Fig. 4.27. Hybridisation to the upstream clone 652 
reveals hybrLidisation to a number of high molecular transcripts which 
also hybridise to pZmEH680 but does not identify the 2.25 Kb 
transcript presumed to be the mRNA. 
4.5.4 	Discussion 
4.5.4.1 	Summary of results 
Transcript analysis of the maize COB gene has shown 
mitochondrial RNA hybridises to COB protein-sequence specific 
clones showing the gene is :rJ ' transcribed in four day old 
etiolated maize coleoptiles 
the COB protein coding sequence-specific probes identify a 
complex pattern of transcripts ranging in size from ca 1.0 to up 
to ca 9 Kb. 
the major transcript, presumed to be the mRNA is much larger 
(ca 2.25 Kb) than is required to specify the COB polypeptide 
(1164 bases). Thus the presumed mature mRNA carries ca 1.4 Kb of 
additional sequence. 
the DNA strand complementary to the COB coding strand is 
probably not transcribed in the tissue studied 
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Fig. 4.28 Transcript analysis of COB transcripts using an upstream 
clone 
Maize mt RNA (lOpg) was electrophoresed through a 1.3% (w/v) 
agarose/7% (v/v) formaldehyde gel, transferred to nitrocellulose and 
hybridised with M13 probes from the maize COB region (see Fig. 4.26 
for origin of these probes) 
	












5) 	preliminary mapping studies have shown that a probe whose 3' 
end is ca 1.37 Kb from the AUG initiation codon identifies the high 
molecular weight transcripts which hybridised to the internal COB 
probes but does not identify the 2.25 Kb transcript presumed to 
represent the mature mRNA. 
4.5.4.2 	Multiple COB transcripts 
The pattern of transcripts hybridising to the COB protein coding 
sequence specific probes is very complex ; and is similar in its 
complexity to the transcripts of the maize mt COIl gene. As for 
CDII (section 4.3.6.2), several models can be proposed to account 
for multiple COB transcripts. 
1) 	Presence of an intron 
The multiple transcripts of the maize COB gene resemble those of the 
split 0011 gene in their complexity. Whilst it has been shown in 
wheat mitochondria that the presence of an intron in CDII does not 
necessarily result in a complex pattern of transcription (Bonen et al 
1984) it is possible that in maize mitochondria it does. 
An obvious conclusion therefore is that the maize COB gene contains 
an intron which has not been detected by sequence analysis. Several 
features of the COB LNA sequence suggest that it may contain an 
intron of 806 bp at its 5' end (Dawson et al 1984, A.J. Dawson pers. 
commun.). These are as follows: 
The initiation codon has a non-homologous position when compared 
to other aligned COB sequences. 
The DNA sequence homology of the maize gene is low (ca 20 0") 
compared to bovine and yeast COB sequences in the first 57 bases. 
Otherwise homology is ca 50%. 
c) 	The presence of a 36 nucleotide sequence 5' from the AUG 
initiation codon which could encode a short peptide with an initiator 
methionine almost coincident with that of other COB sequences and 
with good homology to the first amino acid residues in other species. 
The splicepoint which maximises homology would generate an intron of 
806 bp. 
The existence of this intron could be demonstrated by hetero-
duplex analysis of DNA:RNA hybrids, possibly using the putative 
2.25 Kb mRNA eluted from a gel. However, the presence of an intron 
at the 5' end of the maize COB is unlikely since recent sequence 
analysis of the Oenothera COB gene has revealed high homology at 
the amino terminus with the maize COB gene (A. Brennicke pers. commun.). 
2) 	As suggested to explain the complexity of COIl transcripts 
(section 4.3.6.2) the COB gene may be transcribed between multiple 
promoters and/or terminators. Alternatively a single large RNA 
molecule (perhaps the ca 9 Kb species) could be transcribed between 
a single promoter and terminator and then processed via a series of 
stable intermediates of lower molecular weight to yield the mature 
message. 
Identification of the COB primary transcript(s) by the 'capping' 
assay would help resolve these possibi1ities. 
4.5.4.3 	Large size of the COB transcripts 
The additional cnding capacity of the large presumed mature mRNA 
could be occupied by sequences encoding other genes, ie the COB 
mRNA could be part of a polycistronic message. However, no long 
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open reading frames are found in the 1.5 Kb of sequence determined 
5' to COB (A.J. Dawson pers. commun.). 	The presence of downstream 
open reading frames cannot be excluded, because of the lack of 
sequence data. However, stable polycistronic mRNAs have not yet been 
found in maize mitochondria. It has been shown (sections 4.3 and 
4.4) that both COIl and COI have transcripts far longer than 
required to specify the corresponding polypeptides, yet the 5' and 
3' flanking regions of COT (P.C. Isaac pers. commun.) do not contain 
any long open reading frames. 
The pattern of transcripts hybridising to the upstream clone 652 is 
striking in that it identifies the higher molecular weight but not 
the 2.25 Kb 'mature' mRNA. There are four possible interpretations 
of this result: 
The maize COB gene is transcribed from multiple promoters. 
Thus the 9.0 Kb would represent the transcript originating from the 
most distal promoter. Clone 652 does not hybridise to the 2.25 Kb 
RNA because this transcript is initiated downstream of that region 
of the genome. 
The maize COB gene is transcribed between a single promoter 
and terminator and processed via a series of intermediates of lower 
molecular weight. Clone 652 does not hbridise to the 2.25 Kb RNA 
because it is processed downstream of that site. Whilst these two 
models cannot be distinguished with the available data, any trans-
cription initiation and/or processing sites could be more accurately 
mapped using a series of DNA probes specific for short regions of the 
COB genome. 
The COB region is repeated in the maize mt genome. Thus for 
example the 2.25 Kb transcript could result from one copy of the 
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COB gene whilst the two higher molecular weight transcripts result 
from other copies of COB and the position of the promoter has 
changed in these copies eq by introduction of a stronger competing 
promoter. There is very preliminary evidence that COB sequences 
are repeated elsewhere on the maize mt genome since COB specific 
probes hybridise weakly to a number of EcoRI fragments even though 
the COB gene does not contain an EcoRl site (A.J. Dawson pers. commun.). 
4) 	The hiqhest molecular weight RNAs are transcripts of a gene 
upstream from COB whose 3' tail extends into the 5' end of the 
COB gene. This would explain the intensity with which clone 652 
hybridises to the high molecular transcripts, while probe 979 
hybridises only weakly. Thus the HMW transcripts could stop within 
clone 979 and hybridise only faintly to this clone because they have 
only a limited extent of homology. Si nuclease mapping of the 3' 
ends of COB transcripts would reveal if this is so. 
These four models are depicted on Fig. 4.29. 
LL.6 	TRANSCRIPTS OF THE F 1 ATPase a SUBUNIT GENE 
4.6.1 	The F 1 ATPase a subunit gene 
The discovery that the F 1 ATPase a subunit gene is encoded in the 
mitochondrial genome of all plants studied was surprising, since in 
all other organisms it is encoded in the nuclear DNA (Hack and Leaver 
1983, Boutry et al 1983). DNA sequences homologous to the E. coli 
F 1 ATPase a subunit gene have been identified in maize mt DNA, but 
sequence analysis is incomplete. It is not known whether the F 1 ATPase 
01- subunit gene in maize is split by intron(s). 
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Fig. 4.29 Diagrammatic representation of the various models 
proposed to explain the pattern of transcripts 
hybridising to COB region DNA probes 
The pattern and relative stoichiometries of transcripts hybridising 
to probes 101, 652 and 979 could be explained by one of the four models 
depicted (diagrams not to scale). 
Thickened bar represents protein coding sequence 
• represents transcript originating from a promoter 
• represents a processed transcript 
Multiple promoters 
The multiple COB transcripts arise from initiation at multiple 
promoters 
Single primary transcript and multiple processing sites 
The largest transcript represents the primary transcript which 
is processed (trimmed) at many points to generate a series of 
lower molecular weight RNAs 
Multiple copies of the COB gene 
Copy No. 1 is transcribed froiii a single promoter. A DNA 
rearrangement places a second promoter 5 to the COB gene which 
is actively involved in transcription of COB copy No. 2. 
The largest transcripts stop within COB protein coding sequence 
The largest transcript stops within clone 979, thus explaining 
their weak hybridisation with this clone compared to the lower 
molecular weight transcripts. Clone 101 hybridises more strongly 
to the higher molecular weight transcript because it has higher 
sequence homology. 
NB No experimental evidence for any of these models. 
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Studies on the organisation of this gene have shown it is likely that 
there are two complete copies in N mt DNA, but probably only one in 
C S and I type mt DNA (A. Brennicke pers. comrnun.). Such an arrange-
ment therefore offers the opportunity to examine the effect of more 
than one copy of a gene on the pattern of its transcripts, as has been 
proposed to account for the multiple transcripts of COIl and COB. 
4.6.2 	Transcript analysis of the maize mnitochondrial F 1 ATPase a 
subunit gene(s) 
A preliminary analysis of the transcripts of the maize a subunit 
gene was carried out. Mt RNA from N, C and S mitochondria (nuclear 
background WF9) was electrophoresed through a 1.3% (w/v) agarose/7% (v/v) 
formaldehyde gel, transferred to nitrocellulose and hybridised with 
a ca 300 bp Sau3A - BamHI DNA fragment completely internal to the 
protein coding sequence (Fig. 4.31). The probe was 32 P labelled by 
nick translation of the fragment which had been eluted from an agarose 
gel. Thus any transcripts hybridising must he homologous to the F 1 
ATPase a subunit gene and not due to any spurious vector homology. 
However, transcripts from both strands (if any) will be detected. 
The transcripts hybridising to the a subunit probe are shown in 
Fig. 4.30. The following conclusions can be drawn from the hybridisa-
tion studies: 
The F1 ATPase a subunit gene is 	transcribed in the 
maize mitochondrion. 
Several transcripts (at least seven) hybridise to the probe, 
resembling the transcripts of maize COIl and COB in their complexity. 
The smallest transcript detected is greater than 1955 bases 
(lBS rRNA), and several are larger than the 26S rRNA (ca 3546 bases). 
It is not possible to accurately size the transcripts due to a lack 
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Fig. 4.30 	Transcripts of the F 1 ATPase osubunit gene in maize 
rnitochondria 
10ig each of mt RNA from WF9 N,C and S type mitochondria was elec-
trophoresed through a 1.3% (w/v) agarose/7% (v/v) formaldehyde gel, 
transferred to nitrocellulose and hybridised with a pick translated 
DNA probe specific for the protein coding sequence of F 1 ATPase a 
subunit gene. 
Fig. 4.31 	Origin of the probe used to characterise F 1 ATPase a 
subunit transcripts 
Thickened bar represents protein coding sequence. 
Arrows delimit the length of the DNA probe used. 
S = Sau3A site 
B = BamHl site 
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of suitable size markers on the gel. 
4) 	F1 ATPase a subunit transcripts appear to be identical in N 
C and S type mitochondria. Since N mt DNA contains two copies of 
the gene, whereas C and S contain only one, then in N, either one 
of the copies is not transcribed (and therefore represents a pseudo-
gene or a copy that is not expressed in four-day-old dark grown 
seedlings), or both are transcribed from identical promoters(s) 
and/or are processed at the same site(s). Further analysis of the 
sequences around both copies in N together with an accurate map of 
the transcripts is required before predictions about the effects of 
multiple gene copies on expression can be made. 
4.7 	TRANSCRIPTION OF OTHER GENES AND GENERAL FEATURES OF MAIZE 
MITOCHONDRIAL TRANSCRIPTS 
4.7.1 	Transcript analysis of the maize episomal. DNAs Si and 52 
General features of the episomal DNAs Si and 52 have been discussed 
in Chapter 1 (section 1.8.2.2). Transcript analysis of these episoma]. 
DNAs was undertaken with the following objectives: 
To determine whether the episomal. DNAs are transcribed both in 
the free form and integrated form and 
To partially characterise these transcripts. 
The episomal DNAs Si and 52 have been completely sequenced (Levings 
and Sederoff 1983, C.S. Levings pers. commun.) and both shown to 
contain open reading frames (Fig. 4.32). As yet it is not known 
whether these open reading frames are transcribed. Recent studies on 
the presence of integrated forms of Si and S2 in the maize mitochon-
drial genome suggest that characterisation of the episomal DNA trans-
cripts may be more complex than previously thought. The salient 
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Fig. 4.32 	Sketch map of 	episomal DNAs Si and 52 to show origin of 
the probes used in transcript mapping, and location of 
the open reading frames. 
Si 
S2 	
ORF 	 ORF 
	
S2 	 Horn. reg. 
Solid thickened bar represents the terminal inverted repeat 
Open thickened bar represents the Sl/S2 homologous region 
features are as follows: 
1) 	Si and 52 only exist 'free' (ie non-integrated with 'rnainband' 
mt DNA) in cms S and Vq cytoplasms 
2) 	Si and S2 sequences are integrated into 'mainband' mt DNA in 
N type cytoplasm; integrated copies lack the 1500 bp homologous 
region (Thompson et al 1980, McNay et al 1983) 
S and Vg type cytoplasms. Complete copies of Si and 52 are 
integrated into 'mainband' mt DNA (Schardl et al 1984a). The 208 bp 
terminal inverted repeats (Levings and Sederoff 1983) are found integ-
rated at many points in 'mainband' S type mt DNA (Schardl et al 1984a, 
see also section 4.4.6.6) 
3) 	S type mt DNA appears to exist in a linear (as opposed to cir- 
cular) configuration. This is thought to be caused by recombination 
of the integrated inverted repeat sequences (2b above) with free Si 
and S2. The linear molecules have Si and 52 terminally linked at 
their ends. Si and S2 can be attached in either orientation (Schardl 
et al 1984a) 
4) 	Cytoplasmic reversion to fertility is correlated with a loss 
of free Si and S2 and a reversion of linear mitochondria]. DNA to 
the circular form. Integrated copies of 52 are altered by a dis- 
placement of the 208 bp terminal inverted repeat at the unique sequ-
ence end of S2. Thus any promoters in this region would be inacti-
vated. No major alterations of integrated Si sequences in cytoplas-
mic revertants have been detected (Schardl et al 1984b) 
5) 	Sequences homologous to Si but not S2 have been detected in 
nuclear DNA from N, SRf, cms S and nuclear revertant plants (Kemble 
et al 1983) although the possibility that this in fact results from 
the integration pA chioroplast gene in the nuclear genome (part of 
which is carried on Si (section 1.9 and S. Levings pers. cnnlmun.) has 
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not been investigated. 
It is apparent from these data that the episomal DNAs Si and S2 can 
exist in many 'genomic locations' in the cell ie as free episomal 
DNAs, integrated into the mainband mt DNA, integrated into mainband 
mt DNA but in an altered form, and integrated into the nuclear DNA 
(Si only). However the only cytoplasrnic genotype where Si and S2 are 
present in complete copies (both free and integrated) is in cms S and 
cms S (nuclear revertant). In all other cytoplasms, free Si and 
S2 are absent, and integrated forms are altered in some way. 
For these reasons it is clear that an analy3is of the Si and 52 trans-
cripts (if any) is a complex undertaking since integrated copies and 
partial copies may be transcribed from different or additional promo-
ters from free Si and 52. Nevertheless the preliminary data presented 
in this section suggest this may be a fruitful area for future research. 
Mt RNA was prepared from the following maize lines 
N cytoplasm 
Vg sterile No. 801-3 
Cytoplasmic revertant No. 793 
Cytoplasmic revertant No. 799 
Cytoplasmic revertant No. 801-3 
Nuclear revertant RfH 
DNA was removed from the nit RNA preparations by treatment with DNase 
- 
The DNaseA mt RNA was electrophoresed through a 1.3% (w/v) agarose/7% 
(v/v) formaldehyde gel, blotted to nitrocellulose and hybridised with 
DNA probes specific for 
a) S2 	 b) the 1500 bp homologous region. 
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The locations of these probes are shown in Fig. 4.32. Fig. 4.33 and 
Fig. 4.34 show the transcripts hybridising to these probes. 
The hybridisation data is summarised in Fig. 4.35 and Fig. 4.36. The 
S2 specific probe hybridises strongly to two transcripts of ca 5.2 
and 4.7Vg cytoplasm and the nuclear revertant, and weakly to a high 
molecular weight transcript in N. A probe specific for the 1500 bp 
homologous region hybridises to a complex array of transcripts from 
all the cytoplasmic and nuclear genotypes. 
4.7.1.1 	Discussion 
Transcript analysis of the episornal DNAs Si and 52 has shown 
S2 is transcribed in Vg sterile cytoplasm and nuclear revertant. 
Two transcripts of 4.7 and 5.2 Kb hybridise to a DNA probe specific 
for S2. A very large transcript in N mt RNA also hybridises. 
A DNA probe specific for the 1500 bp homologous region shared 
by Si and S2 hybridises to many transcripts which differ in the cyto-
plasmic genotypes analysed 
One transcript of 2.5 Kb is common to N, Vg, cytoplasmic rever- 
tant and nuclear revertant. Since 'free' Si and S2 are not found in 
cytoplasmic revertant or N type mitochondria, this transcript must 
originate from either mitochondrial or nuclear integrated copies. 
Hybridisation of a homologous region probe to N mt RNA is surprising 
since in N mt DNA the homologous region of Si and 52 is absent in the 
integrated forms (McNay et al 1983). 
At least three transcripts of 2.5, 3.1 and 3.4 Kb are common to 
Vq sterile and cytoplasmic revertant. These must be transcribed from 
integrated S1/S2 in the cytoplasrnic revertant since free Si and 52 
are absent in cytoplasmic revertants. 
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Fig 4.33 	Transcriptshybridising to a DNA probe specific for 
episomal DNA S2. 
fit RNA was isolated from N and Vg sterile lines outlined below, 
electrophoresed through a 1.3 00' (w/v) agarose/7% (v!v) formalde.. 
hyde gel, transferred to nitrocellulose and hybridised with an 
S2 specific DNA probe (Fig 4.32'. 
Track a) 	Nuclear revertant Rf-H 
Vg cytaplasrnic revertant No.801-3 
Vg cytoplasmic revertant No.799 
Vg cytoplasmic revertant No.793 
N 
Vg sterile No/801-3 
10 ug  of RNA was loaded in each track. 
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Fig. 4.34 	Transcripts hybridising to a DNA probe specific for 
the 1500 bp homologous regipn of episomal DNAs Si and 
S2 
Mt RNA was isolated from N and Vg sterile lines outlined below, 
electrophoresed through a 1.3% (w/v) agarose/7% (v/v) formaldehyde 
gel, transferred to nitrocellulose and hybridised with a DNA probe 
specific for the 1500 bp homologous region of Si and 52 
(Fig. 4.32). 
Track a) 	Nuclear revertant RfH 
Track b) cytoplasrnic revertant No. 793 
Track c) 	cytoplasmic revertant No. 799 
Track d) cytoplasmic revertant No. 801-3 
Track e) 	Vg sterile No. 801-3 
Track f) N 
lOpg of RNA was loaded in each track. 
Markers (E. coli RNA and maize mt RNA) were electrophoresed in 
parallel tracks and excised and stained separately. 
e- 
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Fig. 4.35 	Transcripts hybridising to an S2 specific probe: 
summary of data 
Cytoplasmic Free Si and S2 Integrated Si and S2 Transcripts Kb 
genotype 
N - + (Si and S2 
altered) 
Vg sterile + + 5.2, 	4.7 
Cytoplasmic + + (52 altered) - 
revertant 
Nuclear + + - 
revertant 
Fig 4.36 	Transcripts hybridising to 1500 bp homologous region probe: 
summary of data 
Cytopiasmic Free Si and S2 Integrated Si and S2 Transcripts Kb 
genotype 
N - + (Si and S2 2.5 
altered) 
Vg sterile + + 1.1, 	1.5, 	2.5, 
3.1, 	3.4, 	4.7 
Cytoplasmic - + (S2 altered) 2.5, 	3.1, 	3.4, 
revertant and others of 
> 4.7 Kb 
Nuclear + + 1.1, 	1.5, 	2.5, 
revertant 3.1, 	3.4, 	4.7 
It is clear from these data that before further predictions about the 
transcription of Si and 52 and the effects of integration can be made, 
a complete transcription map of free Si and 52 must be constructed. 
In the absence of an in vitro transcription system for analysing 
run-off transcripts, this could be achieved by hybridising a series 
of overlapping single stranded M13 clones of S1/S2 and hybridising 
them to identical blots of cms S mt RNA. Since S episomal DNAs are 
present in a five molar excess over mainband mt DNA, any contribution 
from integratei copies is likely to be minimal. A more ambitious 
approach would be to use a homologous in vitro transcription system. 
This would potentially be more useful since the primary transcripts 
of Si and S2 alone could be studied. 
4.7.2 	:j1tt 	 r"j4t 	 _ aji.dT 	o.J 	.?.t 
One particular S type cytoplasm (LBN) carries two double stranded 
RNAs LBN1 and LBN2 of 2.9 and 0.75 Kbases respectively (Sisco et al 
1984). These are related to two single stranded RNAs of the same 
size found in other S cytoplasms (Schuster et al 1983), and also shQre 
homology with each other. These RNAs do not show any homology to 
mainband mt DNA nor to the episomal DNAs Si and S2, and their origin 
and function remains unclear. 
Examination of the 	 in N and cms C S and T mitochondria 
reveals two abundant RNAs (denoted by arrows in Fig. 4.37) which are 
not detected in mt RNA isolated from N C and T type mitochondria. 
Very approximately these RNAs are 0.8 and 3.0 Kbases, suggesting 
they may be homologous to the ds RNAs detected in LBN cytoplasm and 
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Fig 4.37 RNAs peculiar to S type mitochondria 
RNA was isolated from WF9 N,C,S, and I type mitochondria, de-
natured with glyoxal and electrophoresed through a 1.25 00' "w/v) 
agarose gel. Arrows point to the two RNA species of ca. 3.0 
and 0.8 Kb. which seem to be unique (or over represented in 
S type mt RNA. 
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4.7.3 	Maize mitochondrial transcripts do not contain detectable 
poly A+  tails 
To investigate whether maize mt RNAs are polyadenylated as in human 
mitochondria (Hirsch and Penman 1974) lOpg maize poly A RNA (a kind 
gift from A. Baker) was electrophoresed through a 1.3% (w/v) agarose/ 
7% (v/v) formaldehyde gel, blotted to nitrocellulose and hybridised 
with a COB specific probe. No hybridising RNAs were detected. Since 
maize mt mRNAs can just be detected from lOpg total cytoplasmic RNA, 
it is unlikely that they are polyaderiylated since if they were, they 
would be enriched by an oligo dT column. Yeast mt RNAs have simi-
larly been shown not to be polyadenylated since a) yeast mt RNAs are 
not retained on an oligo dl column (Moorman et al (1978) and b) the 
3' ends of many transcripts have been mapped and shown to co-align 
exactly with the mt DNA (see for example Coruzzi et al 1981). 
Alternatively it is possible that maize mt RNAs have short poly A 
tails that are not retained by an oligo dl column. If so, an 
alternative approach to showing whether maize mt RNAs are polyadeny-
lated would be to use synthetic oligo dT primers and synthesise a 
second strand using purified RNAs as templates. Comparison of the 
second strand sequence with that of the DNA would show whether maize 
mt RNAs do contain short poly A tails. 
4.8 	OVERALL SUMMARY, DISCUSSION AND FUTURE PROSPECTS 
The characterisation of the transcripts of the maize mitochondrial 
genes identified to date has made a significant major contribution 
to our overall understanding of the plant mitochondrion and has 
raised many important questions which are worthy of Future investiga-
tion. 
The characteristics of maize mt transcripts analysed in this chapter 
are summarised below: 
The mt genes encoding cytochrorne oxidase subunits I and II, 
apocytochrome b and F 1 ATPase a subunit are transcribed in the maize 
mitochondrion 
The patterns of transcripts hybridising to COB, COIl and a ATPase 
probes are very complex and resemble transcripts of the yeast mt genes 
which contain introns for example COB and COT. However it is likely 
that of the maize mt genes analysed, only COlT contains an intron, 
and thus a complex pattern of transcripts does not necessarily result 
from excision of an intron. This is reinforced by the finding that 
the wheat COil gene is seemingly transcribed as a single precursor 
RNA which is then spliced to generate a single mRNA and a stable intron 
encoded RNA (Bonen et al 1984). It is striking that the wheat and 
maize COIl genes are highly conserved ( > 99% in the protein coding 
sequence, ca 99% in the intron (excepting the intron insert) sug-
gesting there are tight constraints on exon and intron coding sequ-
ence, and yet their pattern of transcription is so dissimilar. The 
possibility that the open reading frame 51 of the maize COil gene 
encodes part of a maturase has been discussed. 
A model has been proposed to account for these complex patterns of 
transcripts ie they arise either from processing of a single large 
primary transcript or from transcription from many promoters. 
Examples of both of these are found in yeast mitochondria. Tandem 
promoters are found upstream of the ATPase 9 gene (Edwards et al 
1983), and yeast COIl gene probes hybridise to a complex array of 
transcripts, even though the gene does not contain an intron (Corruzzi 
et al 1981). 
223 
The discovery of CDII homologous sequences in the maize mt genome 
may complicate the pattern of transcript.' 	observed. 
3) 	The maize COl gene hybridises to two major RNA species. Nuclease 
Si mapping of the 5' ends of these transcripts has shown that the COT 
transcripts may be more heterogeneous than revealed by Northern blot-
ting, and there may be up to five RNAs transcribed from this gene. 
Primer extension would show whether these observations are real phe-
nomena. 
The two major COT transcripts start at ca 152 and 57 bases 5' from 
the AUG initiation codon. The sequence around the start of the higher 
molecular weight transcript shows 8/9 homology to the nonanucleotide 
sequence thought to form part of a fungal mitochondrial promoter 
(Osinga and Tabak 1982, Osinga et al 1982, Tabak et al 1983) and 
13/15 homology to the sequence around the 5' end of the transcript of 
a Beta vulgaris mt episomal DNA (ftink Hansen and Marcker 1984). The 
sequence at the 5' end of the CDI lower molecular weight transcript 
shows 6/12 homology to a dodecarner sequence thought to be involved in 
processing (as opposed to splicing) of yeast mt RNAs (Osinga et al 
1984). Since the primary COT transcript has not yet been identified 
it is not possible to conclude whether the two COT transcripts 
resulL from separate transcription initiation events, or whether the 
lower molecular weight CDI RNA results from a processing event. 
Heterogeneity such as that of the maize CDI RNAs is not unpreceden-
ted in plant mitochondria (Spencer et al 1984, Schnare and Gray 1982). 
Post transcriptional processing and trimming may be a general feature 
of plant mitochondrial RNAs, and may represent another point at which 
gene expression is controlled. In yeast the 15S rRNA is similarly 
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'ragged' suggesting that there is imprecise processing of this RNA 
(Christianson et al 1981). 
The majority of transcripts hybridising to each of the gene 
specific probes are far longer than required to encode the corres-
ponding polypeptide. This is also a feature of many fungal mt RNAs 
[for example COl Neurospora crassa (6Kb. De Jonge et al 1983), COB in 
S. cerevisiae (ca 2 Kb, Borst and Grivell 1981a), ATPase 9 in 
S. cerevisiae (820 nucleotides-protein coding sequence is 225 bp, 
Hensgens et aJ. 1979)]. The two major COl transcripts carry between 
700 and 600 bases of additional information, with approximately 550 - 
450 bases as a 3' terminal extension and leaders of ca 152 and 57 
bases. The map positions of the transcripts of COIl, COB and 
ATPase have not been determined. 
The length of the maize mt RNAs suggests they could form polycis-
tronic transcripts. However, the available sequence data suggests 
that this is not so, since no significant open reading frames have 
been found upstream or downstream of the genes analysed. 
The transcripts of COT are not altered in N C S and T mt RNA. 
Similarly no differences were detected in N C and S mt RNA for F 1 
ATPase a subunit transcripts. 
COIl transcripts show considerable differences from N in C S and T 
cytoplasms. The cause of these differences is not known. An under-
standing of the basis of these differences requires a) more detailed 
analysis of the DNA rearrangements around the COIl gene in C, S and 
T mt DNA and b) identification of the COIl primary transcript(s). 
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The episomal. DNAs Si and 52 are transcribed in o complex manner, 
and both integrated and free forms are apparently transcribed. These 
patterns of transcription are likely to be complicated by the altered 
integrated forms of Si and 52. 
In common with yeast mt RNAs, maize mt RNAs do not appear to have 
detectable poly A+  tails. 
The intron of CDII is apparently excised from CDII precursor 
RNAs and remains in the mitochondrion as a stable molecule. The 
physical form of this stable RNA is not known. 
4.8.2 	Future prospects 
The work described in this chapter has initiated a large and interest-
ing area of plant molecular biology, and has posed many more questions 
than it has answered. An understanding of the expression of the plant 
mitochondrial genome will initially require more extensive mapping of 
transcripts to the genome. However, many more biochemical analyses 
will be required before predictions about the effects of DNA rearrange-
ments on mt gene expression and the way in which higher plant mt gene 
expression is controlled can be made. Two such approaches which could 
be used in the near future are outlined below. 
4.8.2.1 	Identification of primary transcripts 
In order to identify plant mt promoters, and any polycistronic mRNAs, 
the primary transcripts of the mt genes must be identified since the 
transcript termini identified by Si nuclease protection will not 
necessarily identify the points at which transcription is initiated. 
Only when these have been characterised can predictions about any pro-
cessing pathways be made. There are two approaches to identifying 
primary transcripts: 
All the primary transcripts of the maize mt genome could be 
identified by the guanylyl transferase assay. Thus total mt RNA 
would be labelled using guanylyl transferase and V GTP. Electro-
phoresis of the labelled RNA followed by autoradiography would 
theoretically identify the number of primary transcripts. Partial 
hydrolysis of the RNA followed by hybridisation to a cosmid or plas-
mid library of mt DNA would identify the regions of the mt genome which 
contain promoters. This approach has been used to identify the pri-
mary transcripts of the yeast 215 and 155 rRNAs (Levens et al 1981, 
Christianson et al 1982). However, in yeast, many primary transcripts 
are so rapidly processed that they escape detection by the guanylyl 
transferase assay, and thus they must be enriched in some way (Chris-
tianson 	 1983). 
An enrichment of primary transcript(s) for a particular gene could 
be achieved by hybrid release. This involves coupling a gene specific 
DNA probe to a solid support e, nitrocellulose, hybridising total mt 
RNA to the DNA, and then eluting the bound transcripts. The primary 
transcript(s) of that gene could then be labelled using the guanylyl 
transferase assay, purified by gel elctrophorosis and sequenced. Com-
parison of the RNA sequence with the DNA sequence upstream of the gene 
would identify the point of initiation. A potential disadvantage of 
this approach is that if as in yeast mitochondria, maize mitochondrial 
genes are co-transcribed from a common promoter, and if processing of 
transcripts occurs while they are still part of the transcription com-
plex, then the primary transcript will not be identified. 
4.8.2.2 	In vitro transcription 
The development of an homologous in vitro transcription system using 
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purified mt RNA polymerase would gre tly enhance our understandinq 
of the expression of the plant mt genome, and would overcome some of 
the potential problems in the identification of primary transcripts 
by the 'capping' assay. Thus mt DNA fragments could serve as templates. 
Such a system has been shown to initiate transcription with fidelity on 
yeast mt DNA templates (Edwards et al 1982). In addition to a) iden-
tification of regions of the mt genome giving rise to primary trans-
cripts and b) identification of promoter sequences, the development of 
an in vitro transcription system has a number of uses " 	to the 
study of plant mitochondrial DNA. Thus for example it could be used to 
analyse a) the transcription of the episomal DNAs Si and S2 in the 
absence of integrated copies, b) the transcription of repeated gene 
sequences for example the repeated COIl, COJ and a ATPase sequence(s) 
and c) the effect of DNA rearrangements on transcription of genes for 
example COIl in T mt DNA. 
4.8.2.3 	Identification of genes 
An in vitro transcription system could also aid in the identification 
of new mitochondria]. genes. As discussed in Chapter 3, the plant mt 
genome is likely to contain genes not found in the mitochondria of 
other organisms, and so the scope for identification of genes by hetero-
logous hybridisation is limited. Identification of transcriptionally 
active regions of the mt genome (either by in vitro transcription or 
by hybridisation 32  P end labelled RNA to mt DNA) followed by sequencing 
of the mt DNA could reveal the presence of new genes which could not be 
identified by any other means in the absence of a cell free in vitro 
translation system (Chapter 3). This is a circuitous way of identify-
ing plant mt genes, since as has been shown in this chapter, many mt 
transcripts contain additional information with no obvious coding function 
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and large stretches of DNA would need to be sequenced to identify new 
genes. In order to determine whether the open reading frames identi-
fied in this way are actually expressed as polypeptides it would be 
necessary to prepare antibodies either by a) synthesis of large amounts 
of the polypeptide in an expression vector where the DNA of interest is 
fused with F. coli promoters and ribosome binding sites (Maniatis et al 
1982) followed by antibody production or b) construction of synthetic 
polypeptides (whose composition is dictated by the DNA sequence of 
interest) which are used to raise antibodies. 
4.8.3 	Conclusions 
In conclusion it is important to stress that the identification and 
characterisation of the transcripts of the maize mitochondrial genome 
has and will make only a small contribution to an overall understand-
ing of the biogenesis of this organelle. 
It is clear from the work presented in this chapter that there are 
potentially many points at which mt gene expression may be controlled. 
Thus the level of a particular mRNA could be modulated by the availa-
bility of RNA polyrnerases (nuclear and/or mitochondrially encoded), 
intron splicing enzymes (nuclear and/or mitochondrially encoded), pro-
cessing (opposed to splicing) enzymes, the rate of splicing/processing, 
the stability of processed intermediates and mature mRNAs. The trans-
lation of these mature mRNAs could in turn be modulated by the availa-
bility of nuclear encoded ribosomal proteins. 
More completeanal,.sis of the maize mt transcripts will allow us to make 
predictions about which points these control mechanisms might operate. 
Moreover as will be discussed in Chapter 6, since the vast majority of 
plant mt proteins are encoded in the nucleus (Leaver and Gray 1982) and 
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transported into the mitochondrion, it is the identification of these 
genes (particularly those forming mosaic enzyme complexes) together 
with studies on the co-ordinate expression of the two genomes which 
will throw most light on the biogenesis of a functional organelle. 
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CHAPTER 5 	DEVELOPMENTAL REGULATION OF HIGHER PLANT 
MITOCHONDRIAL GENOME EXPRESSION 
5.1 	INTRODUCTION 
This chapter describes a preliminary investigation into the control 
of mitochondrial gene expression during mitochondrial biogenesis in 
higher plants. The rnitochondrion has two main functions in the plant 
cell: firstly to generate energy in the form of AlP and secondly to 
provide the cell with carbon skeletons for a variety of synthetic 
reactions,for example acetyl coenzyme A for fatty acid synthesis. 
Clearly the energy and metabolite requirements of the plant cell will 
vary at different stages of the life cycle, most notably during ger-
mination and early seedling development. 
The higher plant mitochondrion thus 
offers an ideal system for studying the control of mt biogenesis 
which, as outlined in Chapter 1, requires the co-ordinate synthesis 
of polypeptides encoded in both the nucleus and the mitochondrion. 
In Saccharornyces cerevisiae the number and morphology of mitochondria 
is known to change under different environmental conditions (Stevens 
1981). When yeast is grown in a glucose-rich medium,catabolite repres-
sion reduces the synthesis of certain respiratory enzymes and the sub-
strate is partially fermented. The change from such 'glucose repres-
sed' conditions to growth on low levels of glucose ('derepression') 
is accompanied by an increase in the number of mitochondria and a 
change in their morphology from highly convoluted to ellipsoid forms 
(Stevens 1981). Release from glucose repression is also accompanied 
by an increase in the de nova synthesis of certain mitochondrially 
encoded proteins ( 	 1983). 
In higher plants, mitochondrial biogenesis has been studied in two 
systems where a resumption of metabolic activity after a period of 
dormancy is accompanied by an increase in rnitochondrial activity. 
These systems are discussed below. 
Ageing of Jerusalem artichoke (Helianthus tuberosus) tuber tissue 
discs in water induces mitochondrial biogenesis and an increase in 
respiratory activity (Forde et al 1979). Incorporation of 
methionine by isolated mitochondria into protein increases three-
fold during a 26 hr period of ageing. This apparent increase, 
however, is largely attributable to a depletion of the endogenous 
methionine pool during ageing. However an analysis of the polypep-
tides synthesised by 'aged' and 'non aged' mitochondria reveals 
increases in the relative rates of synthesis of two mt translation 
products (Mr  17,000 and 34,500) and a decrease in the rate of syn-
thesis of a poJ.ypeptide of Mr  19,000 during ageing. 
Mitochondrial biogenesis has also been studied in rehydration and 
early development of Vicia laba (faba bean) seedlings (Leaver and 
Forde 1980, Dixon et al 1980). Mitochondria isolated from cotyledons 
in dry seeds possess low respiratory activity. During the first 24 
hours of rehydration respiratory activity increases six-fold. E.M. 
analysis of the cotyledons shows that between 12 and 48 hours after 
rehydration, the mitochondria undergo distinct ultrastructural changes, 
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notably an increase in the number of cristae, the appearance of a more 
'electron-dense' matrix and an increase in the number of ribosome-like 
particles. By 48 hours after rehydration the mitochondria appear to 
be fully developed. 
During the first 24 hours of germination the ability of isolated 
V. faba mitochondria to incorporate 355-methionine into protein remains 
very low; thus the initial recovery of mitochondrial integrity and 
activity is achieved independently of significant initochondrial pro-
tein synthesis. The ability of isolated mitochondria to synthesise 
protein increases ten-fold during the second day of rehydration and 
estimation of the matrix amino acid concentrations has shown that this 
increase is not simply due to a depletion of the mitochondrial 
methionine pool during germination. Analysis of the mt translation 
products synthesised at various stages of rehydration and early devel-
opment shows marked qualitative changes in the spectrum of polypep-
tides made. Mitochondria isolated from cotyledons 96 hours after 
rehydration synthesise about twelve major polyoeptides. Of these only 
six are major translation products in the mitochondria from dry or 
twelve hour imbibed cotyledons. The relative rate of synthesis of 
the remainder increases mainly between 12 and 48 hours after rehydra-
tion. Particularly marked is the relative increase in the rate of 
35 	rp S-methionie incorporation into subunit I of the cytochrome oxidase 
complex. This was shown bya) densitometric scans of autoradiograms of 
mitochondrially synthesised proteins and b) immunoprecipitation of 
labelled polypeptides with yeast antibodies (Dixon et al 1980, C.J. 
Leaver pers. commun.). This system thus offers an ideal opportunity 




5.2 ANALYSIS OF MT GENE EXPRESSION DURING GERMINATION AND EARLY 
DEVELOPMENT OF V. FABA 
One approach to the study of mitochondrial biogenesis during germin-
ation and early development of V. faba is to investigate the trans-
cripts of particular mitochondrial genes. Of particular interest is 
1) the lag in the ability of mitochondria isolated from dry V. faba 
seeds to incorporate 35S-methionine into protein and 2) the differ-
ential rates of synthesis of certain polypeptides (for example GUI) 
during early development. Semi-quantitative analysis of the trans-
cripts of mitochondrial genes at different stages of development 
should indicate the means by which mitochondrial gene expression is 
controlled. Thus, for example, the following factors could be 
relevant with respect to both the lag in mitochondrial protein syn-
thesis and the differential synthesis of GUI: 
a requirement for the de novo transcription of mt genes. This 
in turn could be regulated by the availability of mt RNA polymerase. 
As yet a higher plant mt RNA polymerase has not been isolated or 
characterised, and it is not known whether it is nuclear or mito-
chondrially encoded. In yeast the levels of the nuclear encoded mt 
RNA polymerase differ at various stages of the life cycle (Levens 
et al 1982) 
deficiencies in the translational machinery of mitochondria at 
early stages of development. 
. This could result from a) the 
presence of a translation inhibitor/absence of a mt translation factor 
as in yeast where nuclear encoded proteins are known specifically to 
stimulate the translation of certain mt proteins (Muller et al 1984); or 
b) a requirement for the processing of precursor RNAs to generate a 
translatable mRNA. The analysis of the transcripts of maize mt genes 
(Chapter 4) has suggested that (at least in maize) there may be many 
points at which mt gene expression may be controlled at the levels of 
transcription and post-transcriptional modification. Thus for example 
the quantities of particular members of the numerous RNA species detec-
ted from maize mitochondria with COB, COIl and F 1 ATPase a subunit 
DNA probes could be generated both by changes in the rate of transcrip-
tion initiation and by the rates of any processing steps. 
The aim of the work presented in this chapter was to study gene 
expression during mitochondrial biogenesis with particular emphasis on 
germination and early development of V. faba seedlings. V. faba, 
rather than maize, was chosen as a developmental system because 
although studies have shown a similar lag in the ability of isolated 
maize mitochondria to synthesise protein, the spectrum of proteins 
synthesised does not appear to change qualitatively during germina-
tion (V.P. Jones unpublished data). Thus the maize developmental 
system does not offer the opportunity to investigate why certain mt 
polypeptides are differentially synthesised during germination. 
Quantification of particular gene transcripts at various stages of 
germination should allow crude estimates of the relative expression 
of those genes to be made. Quantification can be achieved by in vitro 
translation or Northern blotting and these techniques have been widely 
used for the analysis of gene expression during chloroplast biogenesis 
[Silverthorne and Ellis (1980), Walden and Leaver (1981) and Smith and 
Ellis (1981)]. In vitro translation allows the amount of translatable 
mRNA for a parF.icular polypeptide to be quantified, whereas transcript 
analysis by Northern blotting [either as a 'dot blot' (Thomas 1983) 
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or as a gel blot] does not discriminate between translatable and non-
translatable RNAs. Northern blotting (as a gel blot) does have the 
advantage that precursor/product ratios of RNAs undergoing post-
transcriptional processing can be examined. This could be important 
if non-translatable precursor RNAs (eg intron-containing or other 
pre-processed forms) are accumulated during, for example, seed 
formation then processed to translatable forms during germination. 
The failure to develop an in vitro translation system for the expres-
Sian of higher plant mt mRNAs (Chapter 3, this thesis) means that 
translatable mRNAs could only be quantified by the isolation of mt 
polysomes, electrophoresis of the RNAs (mRNA being translated and 
rRNAs), transfer to nitrocellulose and hybridisation with gene speci-
fic probes. 
In this study, the relative amounts of all the transcripts [ie pre-
cursor(s) and product(s)] of a particular mt aene were analysed by 
Northern blotting. However, as outlined below, quantitative or 
semi-quantitative estimation of the amount of an organelle-encoded 
mRNA at different stages of development presents particular problems. 
The approach used in this study was as follows: 
total cellular RNA was isolated from V. faba cotyledons at 
various stages of rehydration and germination as quantitatively as 
possible. [V. faba seeds were germinated under conditions exactly 
the same as the seeds used for protein synthesis studies (Dixon et al 
1980 1 B. Forde pers. commun.)] 
it was demonstrated that maize mt gene specific DNA probes will 
hybridise to 'dot blots' of V. faba total cellular RNA since V. faba 
mt qene DNA probes are not yet available. Hybridisation under 
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stringent conditions (Chapter 2, section 2.2.4.5.2 ) between maize 
mt gene DNA probes and Y. faba mt transcripts is expected since the 
overall nucleotide homology between Pisum sativum (another legume) 
and maize COIl is 92% (R. Wu pers. commun.). 
3) 	attempts were then made to estimate the relative amounts of 
V. faba mt gene transcripts at various stages of rehydration and 
germination by gel electrophoresis of total cellular V. faba RNA, 
transfer to nitrocellulose and probing with 32P labelled mt gene 
specific DNA probes From maize. Parallel experiments have shown 
(Chapter 4, Fig. 4.4) 	that mt gene transcripts can be detected 
in similar blots of maize total cellular RNA, although hybridisation 
signals are weak. [Maize mt RNAs have been estimated by semi-
quantitative Northern blottings to comprise <1% of total cellular 
RNA (V.P. Jones unpublished data).] RNA from different developmental 
stages could be loaded onto gels either a) on an 'equal cotyledon' 
basis ie each sample represents a fixed proportion of the total RNA 
isolated from each cotyledon or b) equal amounts of RNA from each 
developmental stage can be loaded. In fact if both types of series 
are used, they can form controls for each other. 
5.3 	ISOLATION OF V. [ABA TOTAL CELLULAR RNA FROM COTYLEDONS AT 
VARIOUS STAGES OF REHYDRAIION AND GERMINATION 
V. faba seeds were germinated in darkness and at 0, 12, 24, 48 and 72 
hours after initial rehydration. Seeds were harvested, seed coats 
removed and cotyledons rapidly frozen in liquid nitrogen. The 
frozen seeds were stored in sealed containers at -80°C until required. 
Total cellular RNA was isolated From rehydrated seeds as described in 
Chapter 2 (section 2.2.2.2). 	Three volumes of RNA extraction 
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buffer per gram fresh weight of seed was added to each sample contain-. 
ing thirty cotyledons from 15 seeds, and the RNA extracted by grinding 
for precisely 15 seconds with a Polytron homogeniser at full speed. 
RNA was extracted from dry seed by grinding the seed to a fine powder 
in a seed grinder and adding three volumes of RNA extraction buffer 
per gram of seed. All samples were then extracted six times with an 
equal volume of phenol, precipitated with ethanol and dissolved in 
water. 
Fig. 5.1 shows that the amount of total cellular RNA per cotyledon 
does not increase significantly over the developmental period studied. 
This contrasts sharply with that of other dicotyledonous species 
during germination eq Cucumis sativus where the amount of total 
cellular RNA increases 	ten - fold between days 0 and 5 and 
then decreases (Becker et al 1978). However cucumber is an epigeal 
seed ie the cotyledons form the first aerial leaves and hence undergo 
much differentiation. In contrast V. faba is a hypogeal seed and the 
cotyledons do not form the first aerial leaves but merely act as stor-
age organs. Thus a great increase in the amount of cellular RNA per 
cotyledon would not be expected. 
5.4 	SEMI-QUANTITATIVE MEASUREMENT OF RNA BLOTTED TO NITROCELLULOSE 
Semi-quantitative measurements of the amount of a particular gene 
transcript by Northern blotting has the following limitations: 
The amount of RNA loaded onto a gel or dot blot is critical and 
must not saturate the blotting medium. 
The amount of 32 P labelled DNA probe must not be limiting. 
The amount of 32P labelled DNA probe hybridising to the RNA 
sample can be measured in two ways: a) scintillation counting of 
238 
239 
Fig. 5.1 	Isolation of total cellular RNA From V. laba 
cotyledons 
Total cellular RNA was isolated from V. faba cotyledons 
(cot) at various stages of rehydration and early development. 
The amount of RNA in each sample was estimated by measuring 
A260 of duplicate aliquots. 
Fig. 5.2 Semi-quantitative measurement of COT transcripts in 
maize mt RNA 
Varying amounts (0 - 20pg) of maize mt RNA were loaded onto 
nitrocellulose (after being adjusted to 2.5M NaCl) and hybridised 
with an M13 clone specific for the maize COT gene, 32P labelled 
by second strand synthesis. The filter was washed and exposed 
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radioactivity bound to the filter or b) use of X-ray film to detect 
the radioactivity. It is important in the latter case to demonstrate 
a linear response between the deposition of silver grains and the 
amount of isotope bound to the filter. 
In view of the weak signals obtained when mt gene specific DNA probes 
are hybridised to total cellular maize RNA (Chapter 4, Fig. 4.4) 
semi-quantitative measurements of 32P labelled DNA hybridised were 
made by X-ray fluorography rather than scintillation counting (Chap-
ter 2, section 2.2.4.6 	). In order to check the linearity of 
response of the film, varying amounts of maize nit RNA (0 - 20 jjg) 
were made SM with respect to NaCl and loaded onto a nitrocellulose 
filter using a 'Hybridot' apparatus (Schliecher and Schull). The 
filter was hybridised with a 32 P labelled DNA probe specific for the 
protein coding region of the maize COI gene. 
Fig. 5.2 shows that in this particular experiment, within the range 
Opg - 20pg, a two-fold difference in the amount of a particular RNA 
species bound to nitrocellulose can be easily detected. However, due 
to variability in a number of factors such as film exposure time, a 
similar dilution series must be included as an internal control in 
exposures of developmental series. 
5.5 	HYBRIDISATION OF 32P LABELLED MAIZE MT DNA PROBES TO V. FABA 
TOTAL CELLULAR RNA. 
In order to determine whether 32P labelled DNA probes specific for 
maize mt genes would hybridise to V. faba total cellular RNA, Sjig 
of V. faba total cellular RNA from various developmental stages was 
spotted onto nitrocellulose using the 'Hybridot' apparatus as 
described in section 5.4. In a parallel experiment 25 4 jg of each 
241 
sample was electrophoresed through a 1.3% (w/v) agarose/7% (v/v) 
formaldehyde gel and transferred to nitrocellulose. Both blots were 
hybridised with a 32P_-labelled mt DNA probe specific for the maize 
COl gene (MU clone labelled by second strand synthesis to ca 10 6 
dpm/jjg). Figs. 5.3 and 54 show the results of this hybridisation. 
The maize mt DNA probe hybridises to V. faba total cellular RNA on 
a dot blot but consistently fails to hybridise to a larger sample of 
RNA electrophoresed through an agarose gel and transferred to nitro-
cellulose. (It is important to note however that a control whereby 
non-specific hybridisation ( 	to E. coli. RNA) was estimated on the 
dot blot was not carried out.) 
The consistent failure of Northern blots of V. faba total cellular 
RNA to hybridise to maize mt DNA probes could be the result of a 
number of factors: 
A dot blot represents a high localised concentration of RNA 
whereas the transcripts of interest when electrophoresed through a 
gel are more diffuse. This will be particularly true if, as in 
maize, several transcripts with different electrophoretic mobilities 
arise from each gene. 
Transfer of RNA from a gel to nitrocellulose is probably less 
efficient than direct application. 
The nucleotide homology between dicotyledonous plant and mono-
cotyledonous plant mt genes is too low to generate a strong hybridisa-
tion signal with total cellular V. faba RNA. Lowering the hybridisa-
tion stringency could overcome this problem (Bonner et al 1983, 
Casey and Davidson 1977). Alternatively it may be necessary to iso-
late mitochondrial RNA from V. faba cotyledons (rather than total 
cellular RNA) and examine any changes in the relative proportion of 
OMPEJ 
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Fig. 5.3 	Hybridisation of V. faba total cellular RNA with maize 
COl gene specific DNA probe 
Duplicate samples (5pg) of RNA isolated at various stages of 
rehydration and germination of V. faba cotyledons were loaded 
onto nitrocellulose and hybridised with an M13 clone specific 
for the maize COl gene, 32 P labelled by second strand synthesis. 
The filter was washed and exposed to pre-flashed X-ray film for 
fourteen days at -80°C. 
Fig. 5.4 Analysis of V. faba COl transcripts by Northern blotting 
Maize mt RNA (5pg) and V. faba total cellular RNA (25ug) were 
electrophoresed through a 1.3% (w/v) agarose/7% (v/v) formaldehyde 
gel, transferred to nitrocellulose, and hybridised with an M13 
clone specific for the maize COT gene, 32P labelled by second 
strand synthesis. The filter was then exposed to X-ray film at 
-80°C for fourteen days. 
Note that under the conditions of hybridisation/washing, the maize 
DNA probe consistently fails to hybridise to V. faba total 
cellular RNA. 
In 













particular gene transcripts within a fixed mass of RNA. 
Fig. 5.3 shows equal amounts (Spg) of V. faba total cellular RNA 
isolated from cotyledons at various stages of germination hybridised 
with coi specific 32P labelled DNA probe (in duplicate). Since a 
number of controls were missing from this experiment, it is not 
possible to draw any firm conclusions about the control of mt gene 
expression during germination and early development of V. faba seed-
linqs. Thus for example 1) a dilution series was not included in 
this particular experiment; 2) non-specific hybridisation was not in- 
vestigated and 3) the contribution of V. faba DNA to the hybridisation 
signal was not measured (since DNA was not removed from these samples). 
However in spite of these absent controls very preliminary results 
suggest that the COl transcript(s) are present at low levels in dry 
V. faba seed and that the level of these increases within 12 hours 
of rehydration ie preceding the increa: Se in mt protein synthesis and 
the synthesis of CDI. This experiment should be repeated with the 
controls listed above in order to draw firm conclusions on this data. 
Also, a dot blot does not show whether any change in the relative 
amount of a particular gene transcript is reflected in all of the 
RNAs or merely in the precursors. 
5.5 	SUMMARY AND DISCUSSION 
Several, systems exist for the study of mitochondrial biogenesis 
during higher plant development. The best characterised system is 
germination and early seedling development of V. faba (Dixon et al 
1980, Forde and Leaver 1980) and this offers a model in which the 
causes of (I) a lag in the overall ability of mitochondria to syn-
thesise protein and (ii) the specific synthesis of mitochondrial 
polypeptides during development can be investigated. However, the 
experiments described in this chapter show that various factors 
have combined to make detection of mt transcripts in Northern blots 
of V. faba total cellular RNA difficult. Several approaches which 
might overcome these problems have been suggested. 
In conclusion it seems likely that mitochondrial transcript analysis 
during germination and early development of V. faba will give 
an important insight into the factors controlling mitochondrial bio-
genesis in higher plants. The recent identification of higher plant 
nuclear genes encoding mitochondrial polypeptides (for example 
ATP-ADP translocator protein, A. Baker pers. commun. and F 1 ATPase B 
subunit, C. Leaver pers. commun.) should permit studies to be made 
on the co-ordinate expression of genes in the nucleus and the mito-




CHAPTER 6 	DISCUSSION 
6.1 	SUMMARY OF RESULTS AND AIMS OF THIS CHAPTER 
The aim of the work described in this thesis was to increase our 
understanding of the expression of the higher plant mitochondrial 
genome with particular emphasis on the transcription of mitochondrial 
genes. While this objective has been achieved, the work presented in 
this thesis has posed far more questions than it has answered. In 
particular it has highlighted the need for much more detailed analy-
sis before the way in which mitochondrial gene expression is control-
led and co-ordinated with nuclear gene expression in the biogenesis 
of a functional mitochondrion is understood. The results of the two 
main lines of research which have been pursued in this thesis, 
namely a) the attempts to develop a cell free system for the trans-
cription/translation of higher plant mt DNA and b) the characterisa-
tion of maize mitochondrial transcripts can be summarised as follows: 
1. 	An E. coli cell free system fails to translate maize mitochon- 
drial RNA. The addition of maize mt RNA to an E. coli S-30 does 
significantly stimulate incorporation of 35S methionine into 
protein ' no novel polypeptides can be detected when analysed by 
SDS polyacrylamide gel electrophoresis and autoradiography. However 
the current availability of antibodies raised against purified maize 
mitochondrial polypeptides (for example F 1 ATPase a subunit, E. Hack 
pers. commun.) might permit identification of any mitochondrial poly-
peptides synthesised in low amounts in such a cell free system. 
Possible reasons for the failure of the E. coli system to translate 
maize mt RNA were suggested. These included the absence of a ribosome 
binding site 5' to higher plant mt genes showing homology to the 
bacteria.1 Shine and Dalgarno sequence (Dawson et a]. 1984). Supple-
mentation of an E. coli 5100 (Modollel 1971) with higher plant mt 
ribosomes could overcome this problem. 
Transcripts hybridising to four mitochondrial protein coding 
genes, namely COB, CDI, CDII and F ATPase a subunit were identified 
showing that these genes (which had been characterised by sequence 
analysis only) are expressed in the mitochondrion. These represented 
the first plant mitochondrial protein coding gene transcripts to be 
unequivocally identified. Preliminary transcript analysis of the 
maize episornal DNAs Si and S2 has revealed the presence in the mito-
chondrion of RNA species hybridising to DNA probes specific for 52 
and the homologous region of Si and S2. 
Analysis of the transcripts of three maize mt protein coding 
genes (COB, CDII and F 1 ATPase a subunit) has shown that all are 
transcribed in a far more complex manner than expected. Models to 
explain the origin of these multiple transcripts have been proposed. 
The single copy gene (in N type mitochondria) encoding the 
maize CDI polypeptide yields two major RNA species of 2.4 and 2.3 Kb. 
These RNAs differ in the length of their 5' untranslated regions 
which are ca 152 and 57 bases long. Analysis of the sequence around 
the start point of the higher molecular weight transcript (identified 
by Si nuclease mapping) has revealed considerable sequence homology 
to a) the yeast nonanucleotide sequence thought to be involved in 
transcription initiation (Tabak et al 1983) and b) the sequences 
around the only other higher plant mitochondrial transcript precisely 
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mapped to date ie that of the Beta vulgaris mitochondrial 1.44 Kb 
plasmid (Munk-Hansen and Marcker 1984). Transcript analysis of the 
wheat COIl transcript has also revealed homology to the yeast nona-
nucleotide sequence (Bonen et al 1984). To establish whether these 
sequences represent part of a higher plant rnitochondrial promoter 
will require more detailed transcription analysis of other higher 
plant mitochondrial genes together with identification of primary 
transcripts. 
TranscriptS 	of the maize COT, COIl and F 1 ATPase a subunit 
genes ha4. been studied in cytoplasmic male sterile C S and T type 
mitochondria. COT and F 1 ATPase a subunit transcripts in the male 
sterile cytoplasms studied and are also identical to N. In contrast 
COIl transcripts in C S and T type mitochondria differ from each 
other and from N. The effects of genome rearrangements on the trans-
cription of the COil gene will require more detailed sequence analy-
sis and transcript mapping. 
In common with certain yeast mt gene transcripts, the intron of 
pOssAJ 
the maize COIl gene is excised from the precursor rnRNAs and issuf-
ficiently stable to be detected by Northern blotting. In collabora-
tion with A. Arnberg, University of Groningen, E.M. analysis of maize 
mt RNA has revealed the presence of circular RNAs of similar size to 
the COIl intron, but the identity of these RNAs has not been confirmed. 
Sequences homologous to the maize COIl gene have been shown to 
be repeated in the maize mt qenome but the exact nature of these 
homologous sequences has not been determined. 
These findings have been extensively discussed in Chapters 3 and 4. 
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The purpose of the remainder of this chapter is to place these 
results in a broader context and to discuss some of the more specu-
lative aspects of higher plant mitochondrial gene organisation and 
expression, and to make suggestions for future experiments. 
6.2 	GENERAL ASPECTS OF MITOCHONDRIAL GENE EXPRESSION IN HIGHER 
PLANTS 
6.2.1 	Multiple transcripts and the control of gene expression 
Hybridisation of gene specific DNA probes to Northern blots of RNA 
isolated from four-day-old maize coleoptiles has shown that for all 
mt genes examined the patterns of transcription are much more com-
plex than expected. In Chapter 4 various testable models have been 
proposed to account for these complex patterns of transcripts from 
each gene. Whether multiple transcripts arise from multiple trans-
cription initiation events and/or multi-stop processing pathways is 
as yet unknown. However it is clear that the opportunities exist 
for the control of gene expression by modulating the amount of a 
mature translatable mRNA. 
The generation of multiple transcripts from single copy genes is 
also found in the organelles of other organisms. In yeast niitochondria 
two tandem 'promoters' are found 5' to the gene encoding F 0 ATPase 
subunit 9 (Edwards et al 1983a). Both are functional in vivo and 
in vitro although the most distal promoter sequence is the most 
efficient in each case. Multiple transcripts also hybridise to two 
yeast mt gene probes namely those for COIl and F 0 ATPase subunit 6, 
even though both of these genes are uninterrupted (Corruzzi et al 
1981, van Ommen et al 1979). Thus it seems that processing (as 
opposed to splicing) is an important control point in the expression 
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of yeast mt genes. In maize chioroplasts, two transcripts are 
generated from the RuBFCase large subunit gene. Two transcripts 
hybridise to LS gene specific DNA probes. These differ at their 5' 
termini, these being separated by 238 bases (Crosland et al 1984). 
Both transcripts are synthesised in an in vitro transcription system, 
but only the higher molecular weight transcript can be 'capped' by 
guanylyl transferase. Thus the origin of the lower molecular weight 
transcript (ie whether it results from processing of the higher 
molecular weight transcript or is in fact a primary transcript possess-
ing some unusual feature which inhibits capping) is unclear. Signifi-
cantly the relative abundance of these two mRNA species changes during 
the light-induced development of the pJ.astid. Both transcripts are 
present at all stages of development, but the higher molecular weight 
transcript increases in abundance during the first twenty hours of 
light-induced development and then decreases to etioplast levels by 
forty-four hours. It is not clear whether one or both transcripts 
are translatable in vivo. However, the discovery that the relative 
proportions of multiple transcripts of a particular gene vary at 
different stages of plastid biogenesis may be paralleled in higher 
plant mitochondria. Throughout the study presented in this thesis, 
only RNA isolated from four-day-old maize coleoptiles has been examined. 
It is possible that the proportions of various multiple transcripts 
change during mt biogenesis and in the transition from the etiolated 
seedling to the green plant. Clearly more detailed mapping of indi-
vidual higher plant mt transcripts (ie the identification of primary 
and processed transcripts) together with transcript analysis at dif-
ferent stages of development is required before predictions of this 
sort can be made. Seemingly however, the opportunities for transcrip-
tional and post transcriptional control of gene expression are 
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numerous in maize mitochondria. An important step towards a full 
understanding of gene expression in higher plant mitochondria will 
be to identify the translated mRNAs by isolation of polysomes and 
characterisation of the RNAs being translated. 
The presence of multiple copies of two genes (two copies of a 
subunit in N type mitochondria and up to six copies of COT in S 
type mitochondria; A. Brennicke and P. Isaac per communs.) has impor-
tant implications for the control of mitochondrial gene expression. 
It is possible for example that different copies are expressed at 
different stages of the life cycle of the higher plant. It is inter-
esting that no differences between COT transcripts were detected in 
N and S type mitochondria. This suggests either that the additional 
gene(s) are not expressed or that their promoters and transcription 
terminator sequences are in identical positions with respect to the 
protein coding sequence. Sequence analysis of the flanking regions 
of the additional COl genes and/or in vitro transcription of individ-
ual genes will be necessary to determine whether they are expressed 
in S type mitochondria. 
6.2.2 	Polycistronic transcriots 
There is now compelling evidence that many genes are expressed as 
part of polycistronic transcripts in human and S. cerevisiae mito-
chondria (Ojala et al 1981, Montoya et al 1982, Edwards et al 1983). 
In mammalian mitochondria, the genes are so closely spaced that re-
initiation of transcription is unlikely to occur between them. Also, 
nascent and 'cappable' transcripts only map to one specific region 
of the mt qenome in humans, suggesting that all transcripts are 
initiated from the same region. 
254 
In yeast mitochondria the evidence for polycistronic mRNAs is based 
on the following: 
absence of the nonanucleotide sequence thought to be involved 
in transcription initiation 5' of some mt genes 
inability to 'cap' transcripts of those genes lacking the nona-
nucleotide motif and 
overlapping gene transcripts have been determined in some cases 
eg 215 RNA with tRNAt'  and ATPase subunit 9 with tRNAse'  (Miller et 
a]. 1983, Thalenfeld et al 1983). 
Are higher plant mitochondrial genes co-transcribed? This is almost 
certainly true for the two higher plant mitochondrial 'cistrons' 
described below. In Denothera berteriana mitochondria, an open read-
ing frame preceding the COIl gene shows structural analogy to the 
F ATPase subunit 8 genes in mammalian and fungal mitochondria. 
These genes overlap by four nucleotides and are co-transcribed as a 
bicistronic RNA species (Hiesel and Brennicke 1984a). In wheat mito-
chondria (Gray and Spencer 1983, Spencer et a]. 1984) the 18S and 
tRNAet genes are encoded on the same DNA strand and separated by one 
nucleotide. It is thus unlikely that transcription could be re-
initiated between these genes. No transcripts hybridising to a 
precursor tRNA-  185 rRNA have been detected by Northern blotting, met 
but this could be due to very rapid processing of a primary trans-
cript. In view of the proximity of the 5S rRNA to the 18S rRNA in 
wheat (114 bases, F. Quetier pers. commun.) it is possible that both 
lBS and 55 rRNAs are co-transcribed. 
The disco very of a bicistronic transcript in Oenothera berteriana 
mitochondria and the likely co-transcription of tRNA 	with 18S rRNA met 
in wheat is surprising in view of the large size of the mitochondrial 
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genome of higher plants. This suggests there may be some selective 
advantage in compact grouping of genes which are co-transcribed. 
One possible advantage is that co-ordinate amounts of particular 
polypeptides and RNAs are synthesised. However in yeast this assump-
tion may not be valid where the groups of genes under the control of 
one promoter are mixed ie protein coding genes, rRNAs and tRNAs are 
all co-transcribed. 
Are protein coding genes in maize mitochondria co-transcribed? As yet 
there is no evidence for polycistronic transcripts. However, many of 
the transcripts are large enough to encode more than one gene (for 
example the ca 9 Kb COB transcript and the ca 6 Kb COIl transcript). 
Sequence analysis 1500 bp 5' to COB shows that there are no open 
reading frames or tRNA-like structures in this region. Sequence ana-
lysis 5' to COIl (ca 3000 bp) has shown that an ORE of at least 618 
bases is fused to exon 1 of CDII (Chapter 4, section 4.3.6.4 ). It 
is possible that this ORE is co-transcribed with the COIl protein 
coding sequence. In this case the polypeptides would show consider-
able overlap, and the possibility that it represents a type of matur-
ase has been discussed (Chapter 4, section 4.3.6.4 ). However in-
complete data on the map position of CDII transcripts makes any 
predictions of this sort difficult. The only fully mapped maize mt 
transcripts are those of COl, and sequence analysis 5' and 3' of 
the gene has revealed that no other open reading frames or tRNA-
like structures are contained within either transcript. This of 
course does not preclude the possibility that CDI transcripts form 
part of a longer rapidly processed primary transcript not detected 
by Northern blotting. Identification of primary transcripts and/or 
transcription initiation points in an in vitro transcription system 
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should resolve these questions. If maize mt genes are co-transcribed 
it is likely that the co-transcribed genes span large regions of DNA. 
For example COB in maize is separated from its known nearest putative 
gene (URF-1) by approximately 8 Kb (A. Dawson pers. commun. and 
Fig. 1.2). Although it is possible that other yet to be identified 
genes reside between COB and URF-1, extremely long primary trans-
cripts are found in other organisms eg ca 90 Kb have been detected 
in Drosophila nuclei (Hogness pers. coinmun.). 
6.3 	PLANT MITOCHONDRIAL GENES AND GENOME ORGANISATION 
6.3.1 	The large size of the higher plant mitochondrial genome 
Why is the plant mitochondrial genome so large in size? There are 
three possible explanations for the large size of the higher plant 
mit.ochondrial genome compared to other organisms. For example, the 
extra DNA could represent 1) additional genes or sequences necessary 
to mitochondrial function 2) DNA with a sequence independent func-
tion or 3) DNA that is non functional. 
Does the higher plant rnitochondrion contain genes not found in the mt 
genomes of other organisms? If so, how does this explain the varia-
bility in size detected between closely related plant species since 
closely related plants are likely to require similar mt gene com-
plements (Ward et al 1981)? Analysis of the polypeptides syn-
thesised by isolated maize mitochondria reveals the presence of ca 
18 radioactively labelled products when separated on a one-dimensional 
SDS polyacrylamide gel. A further 20 - 30 can be resolved by two 
dimensional separation (Hack and Leaver 1983). The identification 
of the F 1 ATPase a subunit as a translation product of maize mito-
chonria (Hack and Leaver 1983) indicates that a gene not found in the 
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mitochondrial genomes of other organisms is present in higher 
plant nit DNA. However, the number of polypeptides synthesised is 
relatively constant between many higher plant species (C. Hack pers. 
commun.), suggesting that the presence of additional genes does not 
account for the variability in mt genome sizes among the higher plants. 
It is possible that equating the number of translation products with 
the number of protein coding genes is not valid; for example prema-
ture termination of translation or proteolysis could lead to an over-
estimate of the number of genes while rare translation products may 
not be detected and hence the coding capacity underestimated. Even 
allowing for the capacity to encode 50 polypeptides, the large size 
of the higher plant mt aenome is not accounted for. Variation in 
size is also found between different fungal mt genomes. Fungal mt 
genomes vary in size from the 19 Kb genomes of S. pombe (Lang et al 
1983) and T. glabrata (Clark-Walker et al 1980) to the 108 Kb genome 
of Brettanomyces cursterii (Clark-Walker et al 1981). Some of this 
difference in size can be accounted for by a) long A + I rich spacer 
regions between genes and b) the presence of introns within genes. 
For example the S. pombe mt genome shows a very compact organication 
with only short intergenic regions and three introns (Lang et al 
1983). The additional DNA present in the higher plant mt genome is 
not due to the presence of A + I rich spacer regions as found in 
S. cerevisiae since the A + I content in higher plant mitochondria is 
relatively low (ca 53% in most species, Wells and Ingle 1970). Of 
course the presence of intergenic regions which are not A + T rich as 
found in N. crassa mt genome (66 Kb Burke and RajBhandary 1982) can-
not be excluded. Whether the presence of introns contributes to the 
extra DNA in the higher plant mt genome is not known. The majority 
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of higher plant mt genes sequenced to date do not contain introns. 
In fact introns have only been found interrupting the COIl genes from 
monocotyledonous plants (maize, Fox and Leaver 1981; wheat, Bonen et 
al 1984; rice, Kao 	et al 1984). The corresponding genes in dicot- 
yledonous plants, pea (R. Wu pers. commun.) and Oenothera berteriana 
do not contain introns. This does not exclude the possibility that 
introns exist out.. c the protein coding sequence and as such are more 
difficult to detect. An intron is found 5' of a yeast nuclear gene 
encoding a ribosomal protein (Miira and Warner 1984). The presence 
of such exogenic introns in higher plant mt DNA could be demonstrated 
by primer extension of mRNAs (purified by gel electrophoresis) and 
comparison of the sequence obtained with that of the genomic sequence. 
If introns do not account for the extra mt DNA in higher plants then 
it must have a sequence independent function or even no function at 
all. In the latter case, the extra DNA persists in the mitochondrion 
because plants do not have the means to eliminate it. Animals in con-
trast have evolved the means for completely suppressing such extra 
DNA (or alternatively there are stronger selection pressures for 
animal mitochondria to retain the minimum possible mt DNA). 
Two observations which may be relevant to the large size of the plant 
mt genome have been discussed in this thesis, namely 1) multiple 
copies of genes (two copies of ATPase a subunit in N type mitochon-
dna and two 'major' CDI copies in S type mitochondria) and 2) re-
peated fragments of genes (193 bp of COIl in wheat and possibly part 
of the same gene is repeated in maize; Chapter 4, this thesis) . The 
extra DNA may be partly explained by the duplication of genes and 
parts of genes. If these were subsequently scrambled by recombinational 
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events their origin would be obscured. It is possible that the 
repeated copies detected above may represent early stages of this 
process. Such events are known to occur in the mt DNA of Trypanosomes. 
90% of the mt DNA of this organism consists of non-coding mini-circles 
with no known function (kinetoplast DNA, reviewed by Englund, 1981). 
Variations in the amount of kinetoplast DNA account for the size dif -
ferences between two closely related Trypanosome species T. equiperdum 
(21 Kb) and T. brucei (320 Kb). Sequence analysis of two types of 
mini-circles in T. brucei revealed the presence of the same short 
sequence elements which were scrambled with respect to each other 
(Chen and Donaldson 1980). 
If such events partly account for the large and variable size of the 
plant nit genome, such scrambling and amplification must have occurred 
after the evolutionary division of watermelon and muskmelon. 
It is interesting to note that the mt DNA of the alga Chiam ydomonas 
shows a compact organisation existing as a 16 Kb linear molecule with 
genes encoded on both strands (M. Gray pers. commun.). 
6.3.2 	The variable size of the higher plant mt genome 
The size of the higher plant mt genome varies from 90 Kb in soyabean 
(Synenki et al 1978) up to 2400 Kb in muskmelon (Ward et al 1981). 
Within a single plant family, the Cucurbitaceae, mt genomes range in 
size from 330 Kb to 2400 Kb (Ward et aJ. 1981). It is unlikely that 
these closely related species have significantly different mt gene coding 
requirements and the variable amount of DNA presents an enigma. A 
parallel situation is the presence of optional introns which are 
present in the mt genomes of some yeast strains but not others (for 
example COB introns 1, 2 and 3; Lazowska et al 1980, Foury and 
Tzagololf 1976). These optional introns confer no obvious advantage 
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on the host strain. It has even been possible to construct COB 
genes which contain no introns by crossing wild type and petite 
strains. These genes all direct the synthesis of cytochrome b 
(although the lack of COB intron 4 prevents expression of CDI in 
the absence of mirn 2-1 and NAM 2-1 mutations; Labousse and Slonimski 
1983, Dujardin et al 1982). Thus variation in the size of the mt 
genome between closely related organisms may be a general phenomenon. 
In Chapter 1 the presence of chioroplast DNA sequences in the mt 
genome of higher plants was discussed. It is possible that the tran-
sfer of such sequences from other organelles to the mitochondrion 
accounts for the large and variable plant mt genome. However, al-
though mt DNA from plants shows widespread homology to chloroplast 
DNA sequences, there is no apparent correlation between the size of 
a mitochondrial genome and the amount of chioroplast DNA it contains 
(Stern et al 1984). Hence the variability in the higher plant mt 
genome is not accounted for by import of chloroplast DNA, and the 
presence of nuclear DNA sequences in 	plant mitochondria has not 
been demonstrated. 
Thus the origin of the extra DNA in the higher plant mt genome and 
the reasons why it is so variable in size remains an unanswered 
question. If it is due to the presence of large introns outside 
genes or within as yet unidentified genes then it will be identi-
fied by more detailed DNA sequence analysis and partial sequencing 
of transcripts. However, if the extra DNA has a sequence indepen-
dent function or no function at all then in the absence of mt 




6.4 	IDENTIFICATION OF PLANT MITOCHONDRIAL GENES AND THEIR MUTANTS 
As outlined in Chapters 1 and 3 novel approaches are likely to be 
necessary for the identification of gens in higher plant mitochondria. 
This is because 
the large size of the higher plant nit genome is not amenable to 
direct sequence analysis 
there is a lack of mitochondrial mutants among higher plants 
a heterologous cell free system fails to translate mt DNA from 
higher plants with fidelity 
the approach of identifying plant nit genes by heterologous 
hybridisation is limited by the availability of probes and their 
homology to plant mt DNA. 
Novel ways of identifying plant mt genes might be as follows: 
Purification of mitochondrially synthesised polypeptides fol- 
lowed by microsequencing would allow DNA oligonucleotides to be syn-
thesised showing homology to the genes encoding them. These oligo-
nucleotides could then be used to isolate a restriction fragment 
containing the gene (or part of the gene). Such an approach might 
be particularly useful in identifying the genes that encode the 
variant polypeptides in C S and T male sterile cytoplasms. 
Open reading frames could be identified in a suitable expres- 
sion vector (for example p ORF-1, Weinstock et al 1984). 
Such an expression vector could also be used to synthesise large 
amounts of any polypeptides produced by that gene fragment, which 
in turn wnuld permit antibody production and hence identification of 
the corresponding polypeptide. This approach has been used in the 
identification of the COB introns 2 and 4 encoded maturase polypeptides 
in yeast mitochondria (Jacq et al 1984). Alternatively sequence 
analysis of ORFs will predict the amino acid sequence. From this 
synthetic polypeptides can be made which may also permit antibody 
production. Such an approach has been used successfully in the 
a) identification of maturase encoded proteins (COB introns 2 and 
4 in yeast, Guiso et al 1984) and b) identification of polypeptides 
encoded by human mitochondrial open reading frames (Marriottini et 
al 1983). 
The DNA rearrangements detected around certain genes in male sterile 
cytoplasms in maize (Chapter 4) may be useful model systems in the 
study of both higher plant mitochondrial gene structure and expression 
and the causes of cytoplasniic male sterility. Particularly interes-
ting in this respect are the differences among COIl transcripts in 
the various male sterile cytoplasms in maize. Complete transcription 
analysis of this gene might show a relationship between genome re-
arrangements and gene expression. This could then be extended to the 
study of cms. Thus for example the 13,000 Mr  polypeptide charac-
teristic of T cytoplasm (Forde et al 1979) may result from a defect 
in intron splicing from a pre mRNA with the result that a shortened 
polypeptide is produced by co-translation of an exon and part of an 
intron. Restorer genes might in this case act as a novel maturase 
imported into the mitochondrion from the cytoplasm, so allowing cor-
rect splicing and translation (analagous to the NAM-2-1 yeast nuclear 
mutation involved in correct splicing of COl intron 4 (Groudinsky et 
al 1981). Alternatively restorer genes might specifically suppress 
translation of this polypeptide. In yeast, nuclear gene products are 
known to be required for the translation of particular polypeptides 
(Mulleretall9B4). A mutation in a restorer gene may prevent such a 
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'translation promoter' from being expressed. 
Clearly however much more analysis of 'normal' mitochondrial gene 
expression together with the effects of DNA rearrangements on this 
is necessary before predictions about the causes of cytoplasmic male 
sterility in maize mitochondria can be made. 
6.5 	CONCLUDING REMARKS 
It is clear from the work presented in this thesis that a full 
understanding of the biogenesis of a functional higher plant mito-
chondrion will take many years of detailed work and the development 
of novel techniques. Although the results presented in this thesis 
are preliminary in many respecI it has laid the foundations for 
several potentially fruitful lines of research and highlighted the 
need for much more detailed analysis of higher plant mt gene structure, 
organisation and expression. 
The major unresolved questions about higher plant mt gene expression 
arid organisation are as follows: 
Why are the transcripts of many plant mt genes seemingly so 
complex? Does this reflect control of mt gene expression by the 
use of multiple promoters, some of which may be active at different 
stages of the life cycle? Does it reflect control of gene expression 
by multiple processing steps of large and possibly polycistronic 
primary transcripts or does it reflect duplication and/or fragmentation 
of protein coding genes in the mt geriome? Answers to these questions 
will require identification of primary transcripts and possibly the 
development of a homologous in vitro transcription system. 
How is higher plant mt gene expression controlled during mitochon-
drial biogenesis? How is it co-ordinated with nuclear gene expression, 
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particularly in the formation of multimeric enzyme complexes corn-
posed of nuclear and mitochondrially encoded subunits? 
Why is the plant mitochondrial genome so large and variable in 
size? What is the function of the extra DNA? 
Why are chioroplast sequences found in plant mitochondria and 
mitochondrial sequences found in the nuclear DNA? Do they represent 
relics of a progenitor organelle or represent random acquisitions? 
If they are randomly acquired, why are they maintained? 
Why do multiple copies of some genes exist in the mitochondria 
of higher plants? Are all copies expressed? 
Why are some genes encoded in the mitochondrion of plants 
whereas the corresponding genes are encoded in the nucleus of other 
organisms? Does this reflect a transfer of genes from the mitochon-
drion to the nucleus over a long period of time such as occurs within 
the life cycle of Podospora anserina (Wright and Cummings 1983)? 
If so, how does such 	gene transfer occur? 
Many of these questions are testable using established techniques - 
others require more ambitious approaches. Sequence analysis of mito-
chondrial genes is in itself useful and interesting but should be 
regarded only as a means to an end. It is the study of the expression 
of those genes particularly at different stages of the life cycle of 
the plant which is likely to shed most light on the biogenesis of 
this organelle. 
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[he apocytochrome b (COB) gene has been isolated from 
naize (Zea mavs L.) mitochondnal DNA. Sequence analysis 
eveals that the coding region of the gene is 1164 bp long and, 
n contrast with the homologous gene from yeast, does not 
:ontain introns or TGA (Trp) codons. The predicted poly-
)eptide encoded by the gene has a mol. wt. of 42 868 daltons, 
md shows - 48 07o amino acid sequence homology with the 
orresponding yeast and mammalian polypeptides. Hydro.-
)athic profiles of the polypeptide indicate the presence of 
tine, membrane spanning hydrophobic domains suggesting 
hat it is organised in the inner mitochondrial membrane in a 
imilar fashion to that proposed for apocytochrome b in 
)ther organisms. The COB gene is preceded by a sequence 
-AG1TGTCA-3' which may act as a ribosome binding site 
n the mRNA since: (i) it shows 67.5 07o complementarity with 
in octanucleotide at the 3' end of the maize mitochondrial 
18S rRINA, located in a position homologous to that of the 
Escherichia co/i Shine and Dalgarno sequence, and (ii) a simi-
ar sequence precedes several other plant mitochondrial genes 
it a distance of 15-20 nucleotides from the ATG initiation 
odon. RNA transcript analysis shows that the gene is tran-
cribed in a complex manner with the presumed mature 
nRNA (-2.25 kb) probably being derived by sequential 
jrocessing from a larger primary transcript. 
cTey words: apocytochrome b/maize/mitochondria/plant 
ntDNA 
[ntroduction 
rhe mitochondrial genomes of higher plants are considerably 
arger and more complex than comparable genomes in animal 
14-18 kb) and fungal (19-94 kb) cells (Grivell, 1983). Cur-
ent estimates suggest that the range extends from 218 kb in 
9rassica sp. (Palmer and Shields, 1984) to - 2400 kb in some 
ucurbits, with a 7- to 8-fold variation within a single plant 
amily (Ward et al., 1981). Analysis of plant mitochondrial 
)NAs (mtDNAs) by restriction enzyme digestion and re-
aturation kinetics suggests that the mitochondrial genomes 
ire primarily composed of unique sequences carried on dis-
rete circular molecules which are derived from each other by 
ecombination. This intermolecular recombination is appar-
ntly mediated by short repeated sequences which may rep-
esent up to 5 - 10% of the total mtDNA (Palmer and 
hields, 1984; Schardl et al., 1984). 
The large and variable size of the plant mitochondrial 
tenome is not reflected in a variability in the base compo-
,ition. The mtDNA of all plant species examined to date have  
a remarkably constant G + C content of —47%, which 
together with sequence analysis, suggests that long stretches 
of A + 1-rich non-coding DNA, such as are found in Sac-
charomyces cerevisiae, are absent. 
These observations raise important questions as to why, for 
example, the plant mitochondrial genome is so large and, 
what is the functional significance, if any, of the wide range 
of genome size found in different plants. While the recent 
finding that mtDNA from a range of plant species show ex-
tensive and widespread homology to chloroplast DNA (Stern 
and Palmer, 1984) provides a partial answer to these ques-
tions, we are currently investigating whether plant mtDNA 
contains additional structural genes not present in other 
organisms. Analysis of the polypeptides synthesised by 
isolated plant mitochondria reveals the presence of at least 
18-20 radioactively labelled polypeptides with mol. wts. 
ranging from 8000 to 58 000 (Leaver et al., 1983a). The 
majority of these polypeptides are associated with the inner 
mitochondrial membrane and to date subunits I and II of 
cytochrome c oxidase and subunit 9 of the F 0 portion of 
ATPase have been identified (Leaver and Gray, 1982). The 
recent demonstration that the a-subunit of the F 1 ATPase is 
synthesised in isolated plant mitochondria, and by extrapol-
ation encoded in plant mtDNA, suggests that the plant mito-
chondrial genome does indeed contain additional genetic 
information, since this subunit is encoded in the nucleus in 
other organisms (Hack and Leaver, 1983; Boutry et al., 
1983). 
The only genes so far characterised on the mtDNA of 
higher plants are those encoding the 26S, 18S and 5S rRNAs 
(the latter being unique to plant mtDNA; Leaver and Gray, 
1982), and a single protein-coding gene encoding subunit II of 
cytochrome c oxidase (Fox and Leaver, 1981). This latter 
gene was initially identified by the use of heterologous 
hybridisation between maize (Zea mays L.) mtDNA restric-
tion fragments and specific mitochondrial gene probes from 
yeast. Sequence analysis confirmed the identity of the cyto-
chrome c oxidase subunit II gene (COIl, formerly termed 
mox! by Fox and Leaver, 1981) by virtue of the homology of 
the predicted amino acid sequence with the corresponding 
yeast and bovine sequences. It also revealed major differences 
in gene structure and codon usage compared with the hom-
ologous gene in other organisms. The maize COIl gene con-
tains a unique, centrally located intron not found in the cor-
responding fungal and animal genes. In addition, it appears 
that plant mtDNAs exhibit a further variation in the once 
'universal' genetic code. The CGG codon which normally 
specifies arginine probably codes for tryptophan, whereas the 
triplet UGA which encodes tryptophan in the fungal and 
animal mitochondrial genetic code is probably a stop codon, 
as in the 'universal' genetic code (Fox and Leaver, 1981; 
Hiesel and Brennicke, 1983). 
To extend our knowledge of the information content, gene 
structure and expression of the plant mitochondrial genome, 
we have isolated the apocytochrome b gene (designated COB) 
IRL Preas Limited, Oxford, England. 	 2107 
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from maize. This gene has beet 	 :.:. 0.' 
mammalian (e.g., Anderson et aL, 1981; Bibb el al., 1981) 
and fungal (e.g., Nobrega and Tzagoloff, 1980; Waring et 
al., 1981) niitochondrial genomes, but not in any higher 
plant. In mammals the COB gene is relatively simple and does 
not contain introns, whereas in some fungi the gene has a 
mosaic organisation containing up to five introns in S. cer-
evisiae ( Nobrega and Tzagoloff, 1980; Lazowska et al., 1980; 
Jacq et al., 1982). At least one of these introns, b14 in yeast, 
encodes a protein ('maturase') which is thought to be in-
volved in the excision of other introns (De la Salle et al., 
1982). 
Here we describe the isolation and analysis of the gene for 
apocytochrome b from maize mitochondria. Our isolation of 
the COB gene provides the first evidence that apocytochrome 
b, a key component of the mitochondrial electron transport 
chain, is encoded in the mtDNA of higher plants. A compari-
son of the coding and surrounding sequences of the COB 
gene with those of COIl suggest that TGA does not occur in 
plant mitochondrial genes. Furthermore, analysis of se-
quences 5' to the COB gene has also revealed the presence of 
an octanucleotide sequence which shows complementarity to 
a sequence near the 3' end of the maize I 8S rRNA and could 
function as a ribosome binding site in maize mitochondrial 
messenger RNAs. The derived amino acid sequence for apo-
cytochrome b has also allowed predictions to be made about 
the structure and function of this protein in the inner mito-
chondrial membrane (this paper, and Saraste, 1984). 
Results 
Ident(/lcarion and cloning of the maize COB gene 
An Ml 3 mp7 clone of a 750-bp MboI fragment from within 
the COB gene of Kluyveromyces lactis (Ml 3-3.8: a gift from 
M.de Haan and L.A.Grivell, University of Amsterdam) was 
labelled with 32P by second strand synthesis. This clone, 
which contains 65% of the coding sequence for apocyto-
chrome b, was hybridised under non-stringent conditions 
(Tm - 47°C) to restriction fragments of maize mtDNA which 
had been separated by gel electrophoresis and transferred to a 
mtrocellulose filter. Major hybridisation was obtained with 
1.8-kb HindIII, 5.1-kb EcoRl, 13.1-kb BamHl and 10.5-kb 
Sail fragments (Figure 1). The probe also hybridised to a 
number of additional mtDNA restriction fragments at much 
lower intensity. Essentially similar patterns of hybridisation 
were obtained using COB-specific probes from S. cerevisiae, 
Aspergillus nidulans and Bos taurus (data not shown). 
The 1.8-kb Hindu! fragment (Figure lA,B) was isolated by 
electroelution from a 1 076 (w/v) agarose gel and cloned in the 
HindIll site of pBR328. A recombinant clone containing the 
1.8-kb fragment was isolated and designated pZmH1790. 
Plasmid DNA from this clone was used to prepare a restric-
tion map in order to guide subsequent DNA sequence analy-
sis (included in Figure 2). 
DNA sequence analysis confirmed that pZmH 1790 con-
tained a miDNA fragment with a single long open reading 
frame (ORF) which was bounded at its 3' end by a Hindl II 
site. The ORF encoded 154 amino acids which showed good 
homology with the amino-terminal portion of published apo-
cytochrome b sequences (e.g., yeast - Nobrega and Tzago-
loff, 1980 and animals - Anderson et al., 1981). To isolate 
the remainder of the gene, the 1.8-kb mtDNA fragment was 
isolated from pZmH 1790 and used to probe a library of 







Fig. I. Identification of maize mtDNA restriction fragments containing 
sequences homologous to the K. /ac!i.s gene encoding apocytochrome b. 
Maize mtDNA was digested with the restriction enzymes HindlIl (A,B). 
EcoRl (C,D), BamHI (E,F) and Sail (G,H), fractionated on 1 07o (w/v) 
agarose gels and stained with ethidium bromide (A,C,E,G). DNA was 
transferred to nitrocellulose, hybridised with a P-labelled Mbol fragrnni 
of K. lacus ml DNA containing a portion of the COB gene and 
autoradraphcd 8,I)F.H) Sb! '.i marker. X DN\ Jiecoed a ih 
Hindl I! 
nated 1hE4, (see Figure 2) was identified and shown to con-
tain a single 5.1-kb mtDNA fragment which co-migrated with 
the fragment identified by hybridisation with the K. lactis 
COB probe (Figure ID). Similarly a clone designated pbB2 
(see Figure 2), containing the 13.1-kb BamHl fragment 
identified in Figure IF was isolated from a library of cloned 
BamHI mtDNA fragments. 
DNA sequence analysis 
The three mtDNA fragments cloned in pZmH 1790, pbE4 and 
pbB2 were digested with the restriction enzyme HindIII, 
EcoRI, Sau3A, MspI, A!uI or TaqI and subcloned into M13 
mp8 and mp9 (see Figure 2). DNA sequence analysis of these 
subclones by the dideoxy chain-termination method (Sanger 
et al., 1980) revealed the presence of a continuous open 
reading frame of 1164 bp (Figure 3), which when translated, 
gave a predicted amino acid sequence with an overall 
homology of 4807o and 47 076 with the corresponding yeast and 
beef sequences. The maize apocytochrome b protein deduced 
from the nucleotide sequence is 388 amino acids long and has 
a mol. wt. of 42 868 daltons. 
Transcript analysis 
To confirm that the maize COB gene was expressed in vivo 
and to investigate whether the inirtal gene transcript was pro - - 
cessed, specific gene probes were hybridised to purified total 
mitochondrial RNA. The RNA was fractionated by electro-
phoresis on denaturing formaldehyde-agarose (1.3 07o w/v) 
gels, transferred to nitrocellulose and analysed by hybridis-
ation with 32P-labelled DNA probes. When the plasmid 
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Fig. 2. Restriction map of maize mtDNA containing the apocytochrome b gene and flanking sequences. The pBR328 clones of mtDNA restriction fragments 
used in this study are indicated in the upper part of the figure. The lower portion of the figure indicates restriction sites used for Ml 3 cloning and sequencing; 
the arrows below the map show the direction and extent of sequence analysis from each restriction site. Abbreviations: A, A/ui; B, BamHl; E, EcoRl; I-I, 
1-findlil; M, Mspl; S. Sau3A; T, Taqi. 
-180 	 * 	 a 
TTCGAGAATCAACTAACCAACAAATCCGTAGCCCAG6IGAITCGCT6CCICCCTCTC6CCAAACCAATAT6TChTCTCATAG 
-co 	 4 	 * 
CIII1TTCITATTCAGGGC3CIGCGGCATCAAGGCAAGGGS61AAATAAAATAAGGGAA 8AG 3 TTGT_- 3ATAGAAGAGAA 
1 	 * 	 IF 
AISACTAIAAGGAACCAACGAITCICTCTTCTTAAACAACCTAIATACTCCACACTTAACCAGCATITAATAGATTATCCAACCCCGAGC 
MT I R N Q R F S L L K Q PlY ST L N Q H LI DY PIP S 
ci 
AATCTTAGTTATT6GT6GGSGT1CG8TT6CTTAGCTGGTATTT6I11A8TCATTCAGATAGTSACTG6CGTTITTTTAGCTATATTAC 
N L S Y U U 6 F6 CL A 81 CLVI Q I VT 6 V FL AM H V 
181 	 4 	 * 
ACACCTCAIGTGGATCTAGCITTCAACAGCGTAGAACACAITATGAGAGAIGTTGAAGGGGGCTGGTTSCTCCSTTATATGCATGCTAAT 
I PH V DL A F N S V E HI MR DV EGG U L L R V P1 H A N 
271 	 * 	 * 
GGGGCAAGTAIGTTTCTCATTGTSGTTCACCTTCATATTTTTCGTGGTCTATATCATGCGAGTTATAGCAGTCCTAGSGAATTTGTTTGS 
GA SM F L I V V H L H IF R SLY HAS Y S S PR £ F VU 
361 	 * 	 * 
TGTCTCGGAGITSTCATATTCCTAITAAIGATTSTGACAGCIITTATAGGATACGTACCACCTIGGGGTCAGATGAGCTTITGGGGAGCA 
CL S V V IF L L P1 IV TA FIG V V PP U SQ MS F USA 
451 	 * 	 * 
AC AG TA AT TA CAA SC T TAG C TAG CS CC AT ACC AST ASIA GSA BATA C C A TAG T SAC T TGSC T T T 666 6156 ITT C TC C ST GGAC A ATGC C 
I V I I S L A S A I P V V 6 D T I V I w L U S S F S V D N A 
541 	 4 	 * 
ACCTTAAATCGITTTITTAGTCTCCATCAITTACICCCCCTIATTTIAGCAGGCGCCAGTCTTCTTCATCTGGCTGCATTSCATCAATAT 
IL N R F F S L H H L L P L I L A G A S L L H LA AL H Q Y 
631 	 * 	 * 
GGATCAAATAAICCATTGGGTGTACATTCTGAGATGGATAAAATTGCTTCTTACCCTTATTTTTAIGTAAASGAICTTGTAGSTCGGGTA 
S SN NP L S V H S EM D K IA S VP V F V V K D L V SW V 
721 	 * 	 * 
SCTTCTGCIAICTTTITTTCCATTTGGATTTTTTTTSCTCCAAATSTTTTGGGGCATCCCGACAATTAIATACCTGCTAATCCGATGCCC 
AS A 1FF SI U 1FF A P N V L S H PD N Y I P A N PM P 
811 	 * 	 * 
ACCCCSCCTCATATTSTGCCGGAATGGTATTTCCTACCGATCCATGCCAITCTTCGCAGTATACCTGACAAAGCGGGGGGTGTAGCCGCA 
1 PP H IV P E W V FL P1 NIL R S I P D K ASS V A A 
'01 	 4 	 * 
ATAGCACCAGTTITTAIAICTCTCTTGGCTTTACCTTTTTTTAAAGAAATGTATGTGC3TASTTCAAGITTTCGACCGATTCACCAAGGA 
IA P V F IS L LA L P F F K EM V V R S S SF R P1 H Q 6 
991 	 * 	 * 
ATATTTTGGTIGCTITTGGCSGAITGCTTACTACTAGGTTGGATCSGATGTCAACCTGTGSASGCACCATTTGTTACTAITGGACAAATT 
IF U L L L A D CL L I. SWIG CQP V E A P F VII GO I 
1061 	 * 	 * 
TCTTCTIICTTTITCTTCTTGTTCTTTGCCATAACGCCCAITCCGGGACGAGTTGGAAGAGGAAITCCAAAATATTACACGGAATAGACT 
33FF F FL F F A IT P I P SR V SR SIP KY VIE 
1171 
CA IC BC ACC S SATC 
Fig. 3. DNA sequence of the maize mitochondrial COB gene and the predicted amino acid sequence of apocytochrome b. The predicted amino acid sequence 
was translated according to the universal genetic code except CGG was translated as tryptophan (W) as proposed by Fox and Leaver (1981). The proposed 
ribosome binding site preceding the ATG initiation codon is boxed. 
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pZmEH680 (see Figure 2) which contains sequences lying 
completely within the COB coding region, is used as a probe, 
a major transcript of —2.25 kb is detected (Figure 4B). This 
is considerably larger than the 1164 bases which specify the 
coding region of the COB gene. In addition a less abundant 
transcript of —4.2 kb and several minor transcripts of up to 
9.0 kb are revealed on longer exposure of the blot. Hybridis-
ation to the upstream clone pZmEH2200 (see Figure 2) 
reveals additional hybridisation to a number of high mol. wt. 
transcripts (Figure 4C) but does not identify the 2.25-kb tran-
script presumed to be the mature mRNA. 
Identification of hydrophobic domains in the predicted apo-
cytochrome b polypej tide 
To provide further confirmation that the putative COB se- 
quence encodes apocytochrome b, and also to predict the 
organisation of maize apocytochrome b in the inner mito- 
Ii 2 
1 
A B C 
Fig. 4. Transcripts of the maize apocytochrome b gene. Total maize 
mtRNA was fractionated by electrophoresis through a I .3°lo (w/v) agarose-
formaldehyde gel and stained with ethidium bromide (A). 26S and 18S 
mitochondrial RNAs are visualised as stained bands at —3.6 kb and 
1.9 kb, respectively. Parallel unstained tracks were transferred to 
nitrocellulose and hybridised with a 32P-Iabelled (B) internal gene probe, 
pZmEH680 and with (C) an upstream probe, pZmEH2200 (see Figure 2 
for origins of probes). E. co/i rRNAs, cowpea chlorotic mottle virus and 
tobacco mosaic virus RNA5 were used as RNA size standards. 
U,  
chondrial membrane, a 'hydropathy' profile was constructed 
using the indices of Kyte and Doolittle (1982). Hydropathy 
values for blocks of II amino acids in the predicted sequence 
were calculated and the summed value plotted above the pos-
ition of the central amino acid in the block (Figure 5). The 
block was successively displaced by one amino acid through-
out the length of the polypeptide from amino to carboxy 
termini. Taking summed values for blocks in this way empha-
sises the presence of 'domains' with predominantly hydro-
phobic (positive hydropathy) or hydrophilic (negative hy -
dropathy) characteristics, but reduces the effects of short 
term variation. 
The plot identifies nine hydrophobic 'domains' in the poly -
peptide (I - IX), which are separated from each other by 
more hydrophilic regions. These domains correspond closely 
with the putative hydrophobic domains predicted by similar 
analyses of apocytochrome b in a variety of fungi and mam-
mals, conducted by Saraste (1984) and by Widger et al., 
1984). 
Discussion 
Cytochrome b is subunit IV of the multisubunit respiratory 
complex III (also called the cytochrome bc 1 complex of ubi-
quinol:cytochrome c oxidoreducta.se), located in the inner 
mitochondrial membrane of all organisms examined to date 
(Kreike et al., 1979; Hauska et al., 1983). Our determination 
of the maize COB gene sequence represents the first evidence 
that apocytochrome b is encoded in the plant mitochondrial 
genome. 
Nucleotide sequence and codon usage 
The single long ORF of 1164 bp (Figure 3) is assumed to 
represent the maize COB gene since it displays 52 and 47o 
sequence homology with the COB genes in S. cerevisiae 
(Nobrega and Tzagoloff, 1980) and Homo sapiens (Anderson 
et al., 1981), respectively. The gene does not appear to con-
tain introns, in contrast with COB in many fungi (Nobrega 
and Tzagoloff, 1980; Waring et al., 1981; Citterich et al., 
1983) and the COIl gene in maize mitochondria (Fox and 
Leaver, 1981). However, because of the low amino acid 
sequence conservation at the amino and carboxy termini of 
the predicted polypeptides (Figure 5, upper panel) the possi-
bility that introns exist near the 5' and 3' ends of the gene 
cannot be formally excluded. Like the COB gene, the maize 
COI (Isaac et al., in preparation) and Oenorhera COIl (Hiesel 
and Brennicke, 1983) genes do not contain introns. 
The maize COB gene contains 12 TGG triplets, 11 at pos- 
	
r11J:: TI pr I curig 	'J m; C  PIE • 	 rI3FPII: 
'5 
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0 	 50 
AMINO AC4D NUMBER 
FIg. 5. Hydropathy profile of the predicted maize apocytochrome b polypeptide. The profile was calculated according to Kyte and Doolittle (1982) using an 
ii amino acid window (lower panel). Hydrophobic domains (I - IX) which are predicted to he within the membrane have hydropathy >0, hydrophilic 
regions are <0. Amino acid I is encoded by nucleotides I —3 shown in Figure 3. The upper bar diagram illustrates amino acid conservation between the 
predicted amino acid sequences of apocytochrome b from (1) maize, (2) A. nidu/ans (Waring el al., 1981), (3) S. cerevisiae (Nobrega and Tzagoloff, 1980), 
and (4) H. sapiens (Anderson et al., 1981). Identical amino acids are indicated by a solid vertical bar. 
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• 	coli 	165 	rRNA 3 Ay[iççyCCAC UAGGUUGGCGUCCAAGGG 
.3 	'er'inus) 
I ,1 
nize 18S Mt rRNA 3' CU UCCUAAGU UAGGUCGCUGUCCAAGGC 
3' 	terminus) 
aze COB 5' GAGG 
** 	*4* 
AGUUGUCA CGAUAGAAAAGACAAAIJCA 
enothera COB 5' CAAG AGUUGUCA CGAUAGGAAAAAGCAAUGG 
alze COl 5' AUAA 
* 	*4*4 
GGUUUUCA AAACCAAAAAAAAAUGA 
r'ryhurn 	COt 5' CGUU 
* * *4* 
LIGAAAUCA AAACGAAAAAAAAAUGA 
aize COIl 5' CCIJC 
4** 
CUACUUCU CGUCCUGCCAAUGA 
enothera COIl 5' AGCG 
** *4* 
CACAGUCA AAAACAAACCAAAGCAAAUCA 
1g. 6. A proposed ribosome binding site in higher plant mitochondrial 
RNAs. The 3-terminal sequences of E. coli 16S rRNA and maize 18S 
rRNA are compared, with identical nucleotides being shown by a 
ertical line. The Shine and Dalgarno sequence of the E. co/i 16S rRNA, 
ostulated to function in the attachment of the ribosome to mRNA, and 
he equivalent octanucleotide in maize 18S mt rRNA are boxed. 
ucleot ides 5 to the initiation codon (underlined) of six plant 
mitochondrial genes which are capable of base pairing with the putative 
mRNA-binding sequence in maize mt rRNA are indicated with an asterisk. 
Source of sequence data: Maize: COB, this work; CO!. P.G.lsaac, 
V.P.Jones and C.J.Leaver, in preparation; COIl, Fox and Leaver, 1981. 
Oenothera: COB. A.Brennicke, personal communication; COIl, Hiesel and 
Brennicke, 1983. Sorghum: COl, D.K. Hanson, J.N.Bailey-Serres, T.D.Fox 
and C.J.Leaver, unpublished data. 
itions where the amino acid tryptophan is conserved at the 
homologous point in at least four of the eight other known 
apocytochrome b sequences. The triplet TGA is not found, 
however, which confirms that TGA is not used as a trypto-
phan codon in plant mitochondria (Fox and Leaver, 1981). A 
single CGG codon occurs in the gene (encoding amino acid 
239), in a rather poorly conserved region of the polypeptide 
(Figure 5, upper panel). This triplet has been translated as Trp 
in view of the findings of Fox and Leaver (1981) and Hiesel 
and Brennicke (1983). 
In the maize COB gene there is a consistent bias in favour 
of triplets ending in T (42 076). A similar trend occurs in the 
maize COt and COIL genes, and in the Oenothera COIL gene, 
where on average 38 07o of the codons end in T. This contrasts 
with the bias in fungal mitochondrial genes, where T and A 
predominate (Waring et al., 1981) and mammalian mito-
chondrial genes, where A and C are favoured in the third 
position (Anderson et al., 1981). 
Transcription of the maize COB gene 
The major RNA species of 2.25 kb hybridising to the internal 
probe (pZmEH680; Figure 413) is presumed to be the COB 
mRNA, because it is the most abundant transcript and be-
cause it does not hybridise to the upstream probe (pZmEH-
2200). This mRNA is, however, - 1.1 kb longer than the 
COB gene (1164 bases) it encodes, suggesting that the mol-
ecule could carry coding sequences for other genes. 
The transcript pattern identified by both the internal and 
upstream COB probes is strikingly complex. The use of 
strand-specific DNA probes shows that all of these hybridis-
ing RNA species arise from the COB encoding strand. The 
complexity of this pattern resembles that of the intron-
containing maize COIl gene (Fox and Leaver, 1981) but 
contrasts with that of the maize COL gene (V.P.Jones, un-
published data) which has no introns and apparently only two 
major transcripts. It is not known whether the various tran-
scripts arise from multiple initiation and/or termination 
events, or from sequential processing of a longer precursor 
molecule. In yeast, the second alternative seems to apply 
(Osinga and Tabak, 1982; Christianson et al., 1983), and the  
complexity of the observed transcript pattern depends as 
much on the relative rates of the processing steps as on the 
presence of introns (Coruzzi et al., 1981; Thalenfeld et al., 
1983). 
The origin of the two highest mol. wt. RNA species (Figure 
4c) is of particular interest because the differential hybridis-
ation of pZmEH680 and pZmEH2200 to these RNAs sug-
gests that they could be transcripts of a gene upstream from 
COB, whose 3' tail extends into the 5' end of the COB gene. 
However, the 1600 bp of sequence 5' to COB (shown par-
tially in Figure 3) contains no open reading frames longer 
than 160 bp on either strand, nor any sequence capable of 
specifying conventional tRNAs. 
A putative ribosome binding site upstream from plant mito-
chondrial initiation codons 
The mRNAs encoded by higher plant mitochondria are seem-
ingly much longer than the genes they contain, and it is likely 
that at least part of the additional sequence will lie S'to the 
initiation codon. Some mechanism must presumably exist, 
therefore, to confer specificity for translation initiation on the 
correct point in the mRNA. In the eubacteria (Rosenberg and 
Court, 1979) and chloroplasts (Whitfeld and Bottomley, 
1983), RNA transcription starts 50-500 nucleotides up-
stream from the initiation codon of most protein coding 
genes. It has been postulated that specificity for translation 
initiation at this point is conferred by a nbosome binding site 
which is though to base pair with a complementary sequence 
(the Shine and Dalgarno sequence) located very near to the 3' 
end of the 16S rRNA of the small ribosomal subunit (Shine 
and Dalgarno, 1974; Steitz and Jakes, 1975). 
A comparison of the 18S rRNAs in wheat (Spencer et al., 
1984) and maize (Chao et al., 1983) mitochondria with theE. 
co/i 16S rRNA sequence, has revealed a remarkable conser-
vation of primary and secondary structure (Spencer et al., 
1984). However, at the 3' termini of the plant mitochondrial 
I 8S rRNA sequences, part of the E. co/i Shine and Dalgamo 
sequence (5' -CACCUCCU-3') is specifically replaced by a 
novel sequence (5 '-t.JGAAUCCU-3') (Figure 6). Analysis of 
a variety of higher plant mitochondrial protein coding genes 
(Figure 6) shows that all appear to be preceded, — 13 —18 
nucleotides 5' to the AUG initiation cod on, by a tetranucleo-
tide displaying 3/4 or 4/4 complementarity with the 18S 
rRNA-speci tic 'Shine and Dalgarno' type sequence, 
5' -UGAA. In most, additional homology to the remainder of 
the 'Shine and Dalgarno' sequence occurs in this region. The 
only gene which displays poor complementarity is COIl from 
maize, but recent sequencing results (Dawson et al., unpub-
lished data) indicate that translation of this gene may start 
several hundred nucleotides upstream from the sequence 
determined by Fox and Leaver (1981). The absence of the 
proposed ribosome binding site in the published sequence 
would not then be unexpected. 
It remains to be established whether this sequence, poten-
tially capable of base-pairing with the mitochondrial 18S 
rRNA, actually acts as a ribosome binding site. However, its 
ubiquity and constancy of position with respect to the in-
itiation codon suggest that it could play some role in the 
initiation of translation. E. co/i ribosome binding sites display 
a similar constancy of position, but in fungi the proposed 
mitochondrial ribosome binding site may fall anywhere be-
tween 8 and 116 nucleotides upstream from the initiation 
codon (Li et al., 1982). 
The sequences shown in Figure 6 also reveal that most 
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known higher plant mitochondria! AUU 
followed by A residues. Many prokaryotic 	iitjimi,u 
with similar sequences, and it is thought that this A residue is 
involved in four base pair interactions with the tRNAPet anti-
codon loop (Taniguchi and Weissman, 1978). Sequence 
analysis of the wheat mt tRNAret gene (Gray and Spencer, 
1983) has shown that the anticodon loop contains the se-
quence UCAU which would be capable of interacting with 
a AUGA quadruplet in a similar fashion. It is possible, 
therefore, that this A residue could lend a second level of 
specificity to the AUG codon at which translation from the 
mR NA commences. 
Higher order structures in the maize apocyrochrome b poly-
peptide 
The predicted polypeptide encoded by COB in maize contains 
388 amino acids (a very similar number to apocytochrome b 
in other eukaryotes) and has a mol. wt. of 42 868. Prelimi-
nary models for the structure and functional organisation of 
this polypeptide in the inner mitochondrial membrane have 
recently been proposed (Saraste, 1984; Widger et al., 1984), 
based on hydropathy plots (Kyte and Doolittle, 1982) of the 
predicted amino acid sequences of various fungal and animal 
apocytochromes b. Figure 5 (lower panel) shows a similar 
plot of the maize polypeptide, illustrating the presence of nine 
hydrophobic domains (labelled I to IX). This plot corre-
sponds in remarkable detail to those of the bovine and yeast 
apocytochromes b (Saraste, 1984); hence, most of the numer-
ous amino acid substitutions in the maize polypeptide (48 07o 
and 47% sequence homology to the yeast and human poly -
peptides, respectively) are likely to be silent in terms of their 
effects on protein conformation. Significantly, domain IX is 
preserved in both magnitude and position, despite a very low 
level of amino acid sequence homology between the various 
polypeptides in this region. This finding makes the existence 
of an intron in the 3' region of the maize COB gene seem 
unlikely. 
Saraste (1984) and Widger et al. (1984) suggest domains 
I —IX form hydrophobic membrane spanning a helices, and 
propose (based on the invariance of histidine residues 88, 102, 
189 and 203) that the two electron-carrying protohaem pros-
thetic groups of cytochrome b are sandwiched in the mem-
brane between helices II and V. The maize amino acid se-
quence could specify the requisite helices and contains the 
conserved histidine residues. Thus, if the models are correct, 
the protein encoded by the maize COB gene could form a 
biologically functional molecule. 
Widger et al. (1984) have shown that some homology exists 
between the amino acid sequences of apocytochrome b from 
five mitochondrial sources, and two chloroplast encoded pro-
teins: cytochrome b 5 (mol. wt. 23 000) and the '17-kd' protein 
of the bJ complex. These two genes are adjacent on the 
chloroplast DNA map and the polypeptides can be aligned 
end-to-end with homologous sequences in the mitochondrial 
apocytochrome b. A gap of six amino acids separates the car-
boxy terminus of the aligned b 6 protein from the amino ter-
minus of the aligned '17-kd' protein (Widger et al., 1984). 
The maize apocytochrome b sequence also shows homology 
to the b 6 and '17-kd' protein sequences and, uniquely, con-
tains a methionine residue which corresponds exactly with the 
position of the initiator methionine codon of the '17-kd' 
protein. 
It is interesting to speculate that the sequence homologies 
between different functional genes in both chloroplasts and  
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genome, may be the result of a common ancestry or o 
exchange of geneti 
during their evoluti 
Materials and methi 
Isolation of,naize  pnito(.h, sirei I) '. 	 i;t i< 
Seeds of maize (Z. mays L.) line B37N (Pioneer 
Moines, IA) were grown in darkness at 28°C for 4 days. Uradient pi 
mitochondria were prepared from the coleoptile and mesocotyl tis 
described previously (Leaver et al., 1983a) and mtDNA purified by src 
isation of the mitchondria in 1% (w/v) N-Iauroyl sarcosine, 50 mM El' 
100mM Tris-HCI (pH 8.0); digestion with 100 pg/mI proteinase K (Bet 
Research Labs.) at 60°C for I h followed by CsCl-EtBr equilibrium tie 
gradient centrifugation (Fox, 1979). 
Mitochondrial RNA was isolated from the purified niitochondr ,  
described by Koller et al. (1982) and mtDNA removed by digestion 
RNase-free DNase I (Worthington Biochemical Corp.) 
and Ellis (1981). 
Restriction enzyme digestion and gel electrophoresis of D \ 
DNA (0.1 - 5 gg) was digested with restriction enzymes in 	.t or I 
the conditions recommended by the suppliers (Bethesda Research L. 
Boehringer or Arnersham International). mtDNA frequently contained a 
dialysable contaminant which inhibited digestions unless a 5- to 10-fold es 
of restriction enzyme was used. 
DNA fragments of 1 —30 kb were separated by electrophoresis through 
or 1070  (w/v) agarose (Miles, type I low EEO) using a 40 mM Tris, 20 
sodium acetate, 1 mM EDTA buffer, pH 8.2. Smaller fragments 
1000 bp) were separated on 607o (w/v) polyacrylamide gels (29:1, acrylan 
bisacrylamide) using a I x TBE buffer (89 nM Tris. 89 mM boric 
2 mM EDTA, pH 8.3). DNA fragments were stained in ethidium brort ic 




Douhk-ianded L)sA sas labelled sorb i 	Pid( II' hs iLk-1rdfl, 
(Rigby etal.. 1977). Single-stranded DNA clones in phage Ml 3 were lab 
by a modification of the ses)rienernu reaction (Hu and \lesinu. 9t cs. 
that the seql eII1 17 1 T 1Ci. 	.r.i .iorJ' se- - 
hybridisatior 
DNA:DN..i / '•'1' 100-'! 
DNA fragments were trairslerred to nrtrocctlulose as described h 	ouI}er ii 
(1975) and hybridised with 32P-labelled probe under conditions determine: 0. 
the expected degree of sequence homology between probe and blotted 1)\A 
(Howley et al., 1979). These conditions, experimentally determined to eki 
the lowest signal:noise ratio, were: homologous hybridization, pre-hyhr di 
ation (2 h). hybridisation (16 h) and first washes (3 x 20 min) in 4 x SSC, I x 
Denhardt's solution, 50076 formamide and 25 gg/ml denatured herring sperm 
DNA (Serva) at 37°C. Final washes (4 x 5 mm) in 2 x SSC at 20°C. Under 
these conditions, for maize mtDNA (U + C content 47%) hybridisation is at 
T - 26°C and the final wash at Tm - 38°C. Heterologous hybridization. pre-
hyl,ridisation (2 h) and hybridisation (72 h) in 4 x SSC, 10 x Denhardt's sol-
ution, 0.1 076 (w/v) SDS and 100 og/ml carrier DNA at 52°C. Washes (3 x 15 
mm) in 2 x SSC at 52°C. Hybridisation is at 47°C below the Tm  of a maize 
mtDNA homoduplex and mtDNA sequences showing as little as 50 ~ 
homology with the probe could be identified. 
Recombinant DNA techniques 
MtDNA restriction enzyme fragments were ligated to appropriately digested 
pBR328, M13 mp8 or M13 mp9 RFDNA (Messing and Vieira, 1982) using 
T4-DNA ligase (Boehringer). The ligated DNA was used to transform E. co/i 
HB101 (plasmid vectors; B.olivar and Backman, 1979) or JMIOI (M13 vec-
tors, Messing and Vieira, 1982) as described by Dagert and Ehrlich (1979). E. 
co/i colonies containing recombinant clones were selected either by antibiotic 
resistance characteristics (pBR328) or on the basis of digestion of the chromo-
genie substrate X-gal (M13). Plasmid clones containing sequences of interest 
were identified by colony hybridisation (Grunstein and Hogness. 1975); 
similarly M13 clones were identified by plaque hybridisation (Benton and 
Davis, 1977). pBR328 libraries' of cloned mIDNA fragments generated after 
digestion with EcoRI, Hindlll or BamHl were prepared and maintained as 
described by Gergen etal. (1979). 
2112 
I.pix:)[ochronic I, g&'flt' in mai/v rnht(khrI(IrIa 
)NA sequence analySLS 
JI DNA sequence determination was performed by complementary strand 
longation/termination of single-stranded template DNA cloned in MD 
;anger etal., 1977,1980) using [nP]dCTP  (410 Ci/mmol, Amersham Inter-
ational). The sequencing strategies are shown in Figure 2. 
'NA transcript analysts 
NA (10-20 g) was fractionated under denaturing conditions in 1.3% 
w/v) agarose-formaldehyde gels (Lehrach et aL, 1977) and blotted to nitro-
llulose by the method of Thomas (1980). Parallel gel tracks of mtRNA and 
coil rRNA were stained with ethidium bromide to provide mol. Wi 
arkers. Filters were pre-hybridised (4 h) and hybndised (16 h) in 50'o (v/v) 
rmamide, 5 x Denhardt's solution, 0.1'o (w/v) SDS, 5 x SSC and 
00 g/ml herring sperm DNA at 42°C, Hybridisations contained I —2 fLg 
V-labelled DNA (I06_ 10 d.p.m./g) and unbound probe was removed by 
eo washes (10 min each) in 2 x SSC, 0.1 07o (w/v) SDS and two washes 
0 min each) in 0.1 x SSC, 0.1 076 (w/v) SDS at 20°C. 
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